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ABSTRACT -

Design guidance is presented for use by experienced engineers and
architects. The types of buildings within the scope of this manual include
slab-on-grade, partially-buried (bermed) or fully-buried, ar'd large (single- ~ '-

story or multistory) structures. New criteria unique to L'arth-eheltered ,*-

design are included for the following disciplines: Planniing, Landscape
Design, Life-Cycle Analysis, Architectural, Structural, Mechanical (criteria

include below-grtde heat flux calculation procedures), and Electrical. v 3'
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FOREWORD

Earth-sheltered buildings offer an important alternative to conventionally-
designed facilities. This design ma.,ual, which is one of a series, provides.

criteria for evaluating tile habitability and suitability of earth-sheltered
space as well as providing new technical design inmormation. Both the
aesthetic and technical aspects of this manual represent the most current
design practice and engineering methods available for large earth-sheltered
buildings.

Many of the technical criteria are the product of on-going research in the
scientific community. As research continues in both public and private
Institutions, improved calculation techniques may become available. The
designer is encouraged to make use of new data from professional societies,
associations, and institutions. However, deviations from the Design Manual
criteria must have prior approval from Naval Facilities Engineering Command
Headquarters (Code 04). ,*•.

This publication is certified as an official publication of the Naval
Facilities Engineering Command %nd has been reviewed and .-pproved in
accordance with SECNAVINST 5600.16.

S•-24.•,~ .¶.*-

W.. M." o,,l,

SRear •dmiral• CEC,, U. S. NavyCommander.

Naval Facilities Engineering Command j.
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Section 1. REGULATIONS AND GUIDELINES

1. SCOPE. This manual contains design criteria for earth-sheltered
buildings. The design criteria include site planning, architectural, civil, '- '
structural, mechanical, and electrical disciplines. The mechanical design
data for the evaluation of below-grade heat flux, heating and cooling loads, .
and peak loads is restricted to buildings over 15,000 square feet. (See
Section 18, Energy Calculations, for additional restrictions.)

This manual does not apply to housing (single-family dwellings and
dormitories).

The term "earth-sheltered" does not necessarily mean "underground." The
term applies to any building that has some portion of its exterior walls
below ground. By this definition, "earth-sheltering" includes a building " . .

that has an earth bcrm up to the window sills. It also includes any
conventional building that has a usable climate-controlled basement.

To demonstrate the use of the criteria contained in this manual, a step-
by-step example is included in Section 19.

2. RELATED CRITERIA. Certain criteria related to earth-sheltered
construction appear elsewhere in the DM series. Refer to the following
sources: -.- "-"

Subject Source *" .-- '

Site Planning .................. NAVFAC DM-l

Waterproofing, Dampproofing and Condensation Control NAVFAC DM-1 _.44

Space Planning ................. NAVFAC DM-1
Construction Requirements by Climate ..... NAVFAC DM-1

Structural Engineering General Requirements • • • NAV;AC DM-2.1

Structural Loads ............... .o V.AC DM-2.2

Steel Structures. . . . . . . . ......... NAVAC D••.o3

Concrete Structures ............... NAVFAC DM-2.4 " "

Timber.Structures ................ NAVFAC DM-2.5 .

Aluminum, Masonry, Composite Structures .. v :'S
and Other Structural Materials .... ...... NAVFAC DM-2.6 "

Mechanical Engineering . . . . . . . ...... NAVFAC DM-3

Plumbing Systems ....... . . . . . • • 0 0 NAVFAC DM-3.l .

Heating, Ventilating, Air-conditioning and
Dehumidifying Systems .............. NAVFAC DM-3.3 -

Electrical Design Considerations ......... NAVFAC DM-4."

Electrical Power Distribution Systems • NAVFAC DM-4.2 - "

Electrical Utilization Systems .......... NAVFAC DM-4.4

Wire Communication and Signal Systems ...... NAVFAC DM-4.7 -

1.4-1



Source. .

_;ydrology and Hydraulics ............ NAVFAC DM-5.2

Drain::gc Systems .................. . . . . . . . NAVFAC DM-5.3

. .P.v.:.. .. nts ....................................... . NAVFACDi--5.4 D

C-nral Provisioni and Gecetric Design for Road-,
Str-cts, Wall.a, and Open Storage Area ....... NAVFAC D-5.5 .'

Soil Conservation ......... .............. . . . NAVFAC DM--5.11

Feaces, Gates, and Guard Towers . . . . . . . . . NAVFAC OH-5.12

Soil Echanica, Foundations, and Earth Structures . NAVFAC DM-7 Series

Fira Protection Enlineering ....... ......... . . NAVFAC DM-8

Cold Regions Engineering .... ......... . . . . . NAVFAC DM-9

Site Evaluation of Waterfront Structures . . . . . NAVFAC DM-25

2.4
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Section 2. CLIMATE EVALUATION

1. GENERAL. This section provides general guidelines for evaluating the
suitability of earth-sheltered buildings for various climates.

2. SENSITIVITY TO ANALYSIS. Climate ia the most sensitive index to
life-cycle performance of earth-sheltered buildings. As a general rule, . .
earth-sheltered buildings will tend to have a better life-cycle performance
in cold climates thAn in hot climates. Earth-sheltered buildings in mild
climates, such as San Diego, usually will not have a life-cycle beuefit over
conv•Lntional construction. These general rules are subject to qualification .5-%

by the variables discussed below.

a. Infiltration Loads Related To Climate. Placing exterior building
surfaces below-grade reduces infiltration. Because of the larger indoor/ .

outdoor temperature differential in cold climates, energy savings due to
reduced infiltration will be greater in cold climates than in hot climates. .

b. Latent Cooling Loads Related to Climate. Even though the indoor/
outdoor temperature differentials in hot climates may not be as great as
those in cold climates, the latent component of cooling loads attributable N-
to infiltrating air will tend to improve the comparative feasibility of
earth-sheltered buildings in hot and hot-humid climates.

C. Energy Costs Related to Climates. Because of the different kinds .. *

of energy sources available, the variation in local energy costs, and the
range of operating efficiencies for different mechanical systems, it is not ."z
possible to correlate energy costs with climate in general. In some
instances, the relative advantage of earth-sheltering in harsh, cold
climates will be reinforced by fuel costs, particularly if fuel oil is used .4 .
for heating. For example, the cost of fuel oil per million Btu's of heating
load would be $9.50 ($32.42/million Wh) based on $1 per gallon ($.26/L) of
fuel oil and a boiler efficiency of 75 percent. By comparison, electricity
for cooling would cost $5.86 per million Btu's ($20/million Wh) of cooling
load based on $.05 per kilowatt-hour and. a coefficient of performance of
2.5. On this basis, there is a positive correlation between energy costs . i
and colder climates. On the other hand, if natural gas is used as an energy
source for heating at the rate of $2.50 per 1,000 ft J ($0.088/m 3 ) of -
gas, the correlation between cold climates and fuel costs can be negative.At $2.50 per 1,000 ft3 ($0.088!m3) of gas and with a boiler efficiency • •'

of 75 percent, heating would cost $3.33 per million Btu's ($11.36/million
Wh) of load as compared with $5.86 ($20) for cooling as calculated above.

"•. 4 ...- '. "

d. Internal Heat Gains Related to Climate. Internal heat gain from
equipment, lights, and people will reduce heating requirements. In cold and "...->-
temperate climates, earth-sheltering will reduce the number of hours in a
year where heating loads attributable to heat loss, ventilation, and
infiltration exceed the internal heat gains. Thus earth-sheltering, while
reducing the overall heating load, will also reduce the amount of usable
internal gains. In climates where there is a dominant cooling load '
year-round, the internal gains will not be significantly affected by
"earth-sheltering. •"" •
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"FIGURE 1
Climatic Regions for Small, Naturally-Ventilated Earth-Sheltered Buildings

e. Ground Temperatures Related to Climate. Ground temperatures have aý1 positive correlation to air temperature but the correlation is not .;.,.
4 proportional. With an earth-contact configuration, the improvement in the
14 indoor/outdoor temperature differential is much greater in cold climates .,'

than in hot climates. Further, earth-sheltered buildings in cold, temperate
climates can take significant advantage of thermal lag. In effect, thermallag can provide some heat during the early heating season and provide . .
cooling benefits during the cooling season. In hot climates, solar
radiation tends to increase ground temperatures. Warm ground temperatures .
do not contribute to cooling. In hot, arid climates, however, the
relatively steady ground temperatures will benefit the energy requirementsby removing the building from exposure to diurnal temperature extremes.

f. Construction Costs Related to Climate. Local price differences
notwithstanding, construction costs for conventional buildings tend to be
higher in cold climates than in hot climates. This is mainly due to frost
footings and greater insulation thicknesses for conventional buildings in
cold climates. Earth-sheltering tends to eliminate the frost footing. In
addition, insulation cost are reduced since below-grade insulation can be
less expensive than above-grade insulation. Earth-sheltered construction isthus more competitive in cold climates than in hot climates.

3. CLIMATE SUITABILITY FOR SMALL BUILDINGS. Because small buildings are
more sensitive to passive energy techniques than large buildings, it is
possible to map out the suitability of small earth-sheltered buildings by
climatic region. This has been done by Kenneth Labs (See Reference 1,Regional Aaal~sis of Ground and Above-Ground Climate by Kenneth Labs). The
conclusions of this report pertain only to small, skin-dominated buildings.or portions of buildings that are not hermetically sealed and are not
mechanically ventilated. The comfort criteria which determine the
suitability of earth-sheltering are derived from climatic data which was
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tross-checked with comfort zones indicated in a bio-climatic chart.
Figure 1 and the following text, which refers to Figure 1, are based on that *''

report.

Region A. Good Summer and Winter Suitability. Cool to cold, cloudy
winters maximize the value of earth-tempering as a heat conservation
measure. Cool soil and dry summers favor subgrade placement and
earth-covered roofs, with little likelihood of condensation.

Region B. Excellent Sumoer and Winter Suitabilit-.. Severely cold
winters demand major heat-conservation measures, even though more sunshine
is available here than on the coast. Dry summers and cool soil favor earth- -
covered roofs and ground coupling.

Region C. Strong Summer and Winter Benefits. Good winter insolation
somewhat lessens the need for extraordinary witer heat conservation, but
the value of the summer benefit is more important here than in the zone
above. Earth-covering is advantageous, the ground offers some cooling,
condensation is not a problem, and ventilation is not a major necessity.

Region D. Major Winter Benefit, Summer Mixed Blessings. Cold and often
cloudy winters place a premium on hea& conservation. Low summer ground
temperatures offer a cooling source, but with the likelihood of
condensation. High summer humidity makes ventilation the leadiug summer
climate control strategy. An above-ground, superinsulated structure
designed to maximize ventilation is an important alternative. -

Region E. Marginal Winter And Summer Benefit. Generallygood winter sun
and minor heating demand reduce the need for extreme heat conservation
measures. The ground offers protection from overheated air, but not sajor
cooling potential as a heat sink. The primacy of ventilation and the
possibility of condensation compromise summer benefits. Quality of design
will determine the actual benefit realized here.

Region F. Insignificant Winter Benefit, Small or Negative Summer
Benefit. Ground temperatures can actually be higher than the indoor ambient
temperature at times during the sumuer months with a 65*F (18.1"C) indoor
temperature. Although a slight cooling benefit can exist for a 78*F (260C) " .

indoor temperature, especially for large buildings, small buildings can
obtain better passive cooling by ventilation. Earth-sheltering would reduce
the envelope heat gain for both large, mechanically-ventilated buildings and
small buildings. However, even in this respect, small buildings are better
off using passive ventilation and shading. Persistent high humidity levels
negate the value of roof mass and establish ventilation as the only
important summer cooling strategy. Any design that compromises ventilation
effectiveness without contributing to cooling is considered
counterproductive.

Region G. Insignificant Winter Benefiti Marginal Summer Benefit. This
is a transition area between zones F and H. Comments for zones F and H apply N

through~~~ thi zone an diiise moigsuhadhere in degree. The value of earth-tempering increases moving westward I..;through this zone, and diminishes moving southward. I V %
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4.4

Region H. Insignificant Winter Benefit, Useful Summer Advantage. Summer
ground temperatures are high., but relatively much cooler than air. Aridity
"favors roof mass, reduces the need for ventilation, and eliminates concern
for condensation. The potential for integrating earth-tempering with other
passive design alternatives is high.

Region 1. Insignificant to Marginal Winter and Summer Benefit.
EExtraordinary means of climate control are not required due to the relative P.
moderateness of this zone. Earth-tempering is compatible with other winter .
and summer strategies, with no strong argument for or against it.

Region J. Insignificant to Useful Winter Benefit, Marginal to Useful 0.

Slimmer Advantage. Latitude and topography cause wide variation in local "
climate and soil temperatures. Generally, comments for zones C and H apply
here in degree.
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Section 3. SITE EVALUATiON

1. GENERAL. This section deals with site-evaluation issues affecting the
de3ign of earth-sheltered structures. The emphasis is on those site issues
which are more important or more pertinent for earth-sheltered structures " ""
than for conventional structures. .- :1.:.-

2. SITE INVESTIGATION PROCEDURES. In an earth-sheltered building, the
underground work may represent the major portion of the project. Thus, poor
site investigation practices leave a large margin of uncert.ainty in the
total project costs.

Checklists of site investigation procedures are given below:

a. Site Records. Existing records (legal and historical) should be
the starting point for a serious investigation of a site. Aside from
providing the legal description of a site together with any existing
agreements restricting its use, such a survey can reveal what is likely to' -.
be encountered on the site in terms of existing foundations, utilities, a
past history of water problems, subsidence, ar:d eo forth. Types of .
information that should be included:

• bm• ~,. .J. o

o Origina'. plat/survey information
o Easements (horizontal and vertical extzat)
o Mineral rights (together with any agreemert', as to access from

the property)
o Existing topograptaic information
o Existing utility ind building infozration (discussed below)
o Records of seismic activity or zone clarifications for seismic

design
"o Existing surficial and bedrock geologic informatic,i
"o Existing foundation or soil reports
"o Existing percolation test reports
"o Existing agricultural or planning studies
"o Existing information on ground water conditions and surface

drainage
"o Soil temperature %

The best sources of this inform.-. s, ýat vary, but the usual
sources include:

S.ocal, city, or county engineer's offickr
o Cit-1 or county records departmetx
o Aerial survey companies
o State geological survey informat inn
o United States Geological Survey maps and reports

o United States Department of Agriculture soils information
(usually shallow only)

o Previous records from nearby construction
o Well-drilling records
o Drilling records of public agencies
o Technical papers on local geology, microclimate, soil

conditions, and so forth (in nearest university library) ,".''.4
o Experienced local soil-testing firms and consultants (as paid

service) .. , . <
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"o Goverr.ment agency responsible for adjacent roads or nearby
facilities .

"o Local weather re.porting agency -

b. Existing Structures and Utilities. Existing below-grade structures . -,
can idelude the following: •" ..

"o Storm and sanitary sewer lines, manholes
" Water mains . -.
"o Gas lines
"o Electric cables and vaults
"o Telephone cables and vaults
"o Tanks, septic tanks, cisterns
o Steam or hot-water lines
"o Industrial waste lines %'-s.-, -
"o Fire lines or firetanks ,
o Pipelir.3s __._"'__'

"o Tunnels
"o Existing/abandoned pilings
"o Old building or equipment foundations,.; .

"o Age, condition, and depth of adjacent structures
"o Buried road beds
"o Filled-in basements of old buildings
"o Fortifications ILI
"o Dump-site locations, 'A
"o Toxic agents
"o Buried explosives " '"

C. On-Site Investigation. The on-site investigation should include
the following:

o Evidence of existing construction
o Location and mapping joints on any rock outcrops :-•"-..J-o The existing canopy and understory vegetation, location of

mature trees, and other natural features to be preserved or • +
o Changes in vegetation indicating changes in soil type, depth or

ground water conditions , ..

a Erodibility of soil on any steep slopes ..
o Potential views
o Obstructions to access :v,-.%...:..:.
o Evidence of surface water drainage patterns
o Adjacent structures •,t$
o Verification of surface utility features such as manholes or

power poles

Based on the site inspection, information from existing maps and
records, and t.he anticipated siting of the building, a soil-boring program
should be designed as outlined in NAVFAC DM-7 Series. .S

3. SITE INFLUENCES ON THE BUILDING DESIGN. The following site conditions "
are evaluated in terms of their relative impact on predesign decisions.

a. Climatic Influences. Since energy efficier.cy is a major criteria
for evaluating earth-sheltered buildings, it is important to be aware of the
general climate of the region in which the site is located (see Section 2,
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::icroclimate of the site, as determined by the existing topography,.. ....

-e- "acion, and surrounding structures. These issues have been analyzed in
d:tail by others. (See Reference 2, Design with Climat,, by Olgyay;
7-.fercnce 3, Man, CILmate and Architecture, by Givoni; and Reference 4,
Plants, People and Environmental quality, by Robinette.)

For earth-sheltered buildings, the range in air temperature will
indicate the moderating potential of the earth. High air temperatures
indicate some earth-cooling potential. Although total energy savings from
an underground location are usually less in warmer climates, earth-contact .
cooling may be one of the few passive techniques available. Wind speeds and
humidity in combination with air temperature indicate the availability of
ccmiort condition3 in warm climates through ventilation strategies.

These are not always practical for large buildings or where dust
and humidity must be controlled. The ground-temperature information gives a
ba3eline comparison with outsioe conditions but does not represent the
conditions in the ground adjacent to an operating bulding. The solar
inforwation should indicate the importance of incorporating passive or
active solar strategies into the building design.

b. Environmental and Land Use Issues. Environmental or land use
considerations very often are complementary to the development of an
"earth-sheltered design. Occasionally, there factors will suggeat an
earth-sheltered building as the only appropriate solution, especially when '.

the preservation of ngtural surroundingA is of primary importance. In
non-urban areas, environmental issues generally relate to the potential of
earth-sheltered buildings to preserve existing ecological systems.

c. Access and Building Services. A major problem in the site '.'

evaluation of an earth-sheltered or underground facility is the need to
provide adequate and efficient access to the building. Thin isually
conflicts with the desire to blend the building with the content of the site
e-nd to maintain the maximum amount of earth-sheltering. (See Section 9,
Space Planning and Programming, for access requirements.)

A further design problem, from an aesthetic point of view, is that
the building elements which provide the service and access functions are
"usually the least attractive elements ^f a building and will, in an
earth-sheltered structure, be among the most visible. Solutions to this
problem imply careful site and building design to allow as unobtrusive a
servize access ro the building as possible. %

A checklist of building access and service items to be considered
is given below:

o Pedestrian access to the building .. :'-•
o Pedestrian access thrcugh or across the building
o Access for the disabled
o Service access
o Any significant materials-handling requirements
o Equipment access/removal,.: .*,

o h.terior storpge areas
o Fire department access -

o Overhead utilities "-''.
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P o Surface utilities, for example, meters, transformers, junction !'•-
',': boxes, fire hydrants

:. o R-lative heights of the lowest building level• and the storm and .•'J•
"" sanitary severs' • " "

.• o~~~ Site drainage ••-•.

K d. Sanitary and Storm Sever. The item on which a lot of attention has ~

•" ~~been placed in the discussion of major underground facilities is the --.. •-
•" ~ ~potential location of a portion of the building below the level of the ;.--..
•" community's sanitary and storm sewer system. This is not particularly
•, ~~uncommon in building design and the situation is handled by providing a sump •.•'-'
S~~~and submersible pumps to lift any drainage water or sewage frou. the lowest -...

levels of the building. Sewage and water can be pumped to considerable a @"7'
;.., ~heights. It is customary to provide standby power equipment for critical,\.-"..
•, ~~installations and also to provide duplicate equipment where servicing would ;%••
i, ~ ~exceed allowable shut-down times. See Section 17, paragraph 4 for further """

requirements. A standby pump could be designed to come in service in -...
' ~~conditions such as drainage for firefighting. Outside access for pump • ...

psuction pipes should be considered. .. *--,•'Ie. Isolation and Protection. In general, an earth-sheltered or -'"'
ltunderground building will provide improved protection in the following cases: /--.

1•4.- . °

o xterior noi.se protection • • ,
oLow vibration requirements

o Building security,•,:
o Vandalism protection , %
o Blast protection against exterior blasts *'/'•,

o0 Protection ttqakTra o anrsisa~eurricnSroundingprt tobUildings from interior explosions •':[••. ., , i'IoFallout protection "°

f. Tpgrpy The most desirable sites for minimum Cost of""-.
construction will generally be gently sloping sites of a large size in,. --S~relation to the building. Deep buildings ont flat sites will inevitablyIinvolve substantial net excavation, requiring either hanling or..-.-=
redistribution of the excess on the same site. Steep slopes should not v.-•. '? : "
always be construed as disadvantageous for earth-sheltered buildings. In •"•;• ''

•\• J
fact, a series of narrow earth-sheltered buildings c~an make effective use of -" ""

**.\•.-. •
steep slopes which would otherwise be almost unbuildable.

. Ground Conditions/Ground-Water Conditions. ~Ground conditions will •
laterale h ease of excavation, the bearing capacity of foundations, ;•'.-•Slateral ~pressures for design, and the suitability of •he excavated material ,;••..•".

S~~~for backfilling. Special consideration must be given •o the effects of ""'"

earthen load relative to potential consolidation. La ger loaded areas will ,- .

transmit pressures to deeper depths.

Sand or gravel is usually recoimnended for backfilling around an ,'-':•-;.,:. -:.
underground structure for three reasons: (1) it is eas• to compact, (2) it '<::':

,1provides good drainage, and (3) it provides more predictable and lower ,.%.
lateral pressure when drained. If sand and gravel are not available on the '•-• i
site, they can be brought to the site in limited quantities for the • ..
immediate backfillirng of the walls. If this is not economical owing to very ,...

1.•4-10,;...

"I



great hauling distances, the walls may need to be designed for higher
lateral pressures and drainage provided adjacent to the wall 'using a

S drainage mat. See Section 7, paragraph 3 for further discussion.

Rock conditions within the excavation will necessitate a change in
excav'ation method. Rock ripping or drilling and blasting are both usually

substantially more expensive than soil excavation. To some extent blasting

S ar not usually required for excavation in competent rock. This aspect can

besubject to restrictions to protect adjacent structures. The larger types

of excavating equipment available today are able to rip most weathered rock
an heven jointed layers of quite competent rock. Ripping and blasting, are

bohmore feasibile on large than on small sites. A bedrock layer thit
slopes across the site will require careful foundation design to ensure even
settlement of building foundations.

The presence of ground-water levels within the planned buildingJ depth will always complicate the building design and construction and,
hence, increase its cost. There are two main options: (1) draining the soil
and drawing down the water level, or (2) completely waterproofing the
foundation and floor.

If the building is to be fully waterproofed, it must be designed to
counter buoyancy and to withstand the lateral water and soil pressures.
Buoyancy may be countered by one of the following: (1) providing a thick,
mass concrete floor, (2) tying the building down to a rock layer below using

* drilled anchors, or (3) by using an extension of the floor slab beyond the
building walls to mobilize the weight of the soil mass above this portion ofr the slab.

?~ ndh. Excavation Costs. Several factors affect the cost of excavation
adthe temporary and permanent retaining walls required. Excavation is

.ceapest vhen the excavated material can be loaded directly by large
cpacity equipment onto trucks or, better still, stockpiled (on a large
site) for use as backfill. Costs increase when conditions are not ideal, as
indicated by the following examples:

o Costs are higher for deep excavations where trucks cannot drive
to the bottom of the excavation and a lerge portion must,
therefore, be excavated by drag line or bucket.

o An excavation where the progress is too slow to allow continuous
operation of trucks may cause stockpiling and double handling of

o Excavation sites with insufficient adjacent-site area may result

in inefficient use of equipment due to access problems and aI lack of storage area.
o Costs are higher for excavations requiring extensive temporary

retaining walls.io Costs are higher for excavations which extend below the
foundation levels of nearby structures. -
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Section 4. BUILDING TYPE EVALUATION

1. GENERAL. Some building types are more suitable to earth-sheltering than
others. This section identifies the relative advantages and disadvantages
of earth-sheltering for various types and sizes of buildings.

2. HIGH INTERNAL HEAT LOADS. Building functions that tend to have high
internal heat loads include data-processing rooms, communication facilities,
food-preparation facilities, and s imilar functions. Often, the
heat-producing portions of these buildings will require cooling year round.
Where these functions are located in separate mechanical zones away from the
perimeter of the building, earth-sheltering will not affect the energy0
requirements for those portions of the building significantly. If the
heat-producing zones are located on the perimeter, energy savings can be

achivedforthose zones. However, even in the most optimal design
considerations--a zone with maximum earth-contact and cold ground
temperatures-heat loss from the earth-contact surfaces may be one or two
orders of magnitude smaller than the internal heat generated by people,
lights, and equipment. If the cooling-load profile is variable in nature
(for example, a conference roon which is not always occupied), the heat loss
to the earth-contact surfaces will serve to davtpen the peak cooling load,
thus reducing cooling equipment capacities, leading to lover first costs in
mechanical equipment and higher operating efficiencies. it is essential
that not only the integrated annual energy performance, but also the
instantaneous energy performance of the building be considered when
quantifying the thermal benefits available from earth-sheltering. .

3. MODERATE INTERNAL HEAT LOADS. Buildings characterized as having

* moderate internal heat loads include offices, housing, medical facilities,
and educational facilities. Buildings of this type are all conducive to
earth-sheltering depending on other variables such as climate. -

4. BUILDINGS WITH MINIMAL HEATING REQUIREMENTS. Buildings with minimal
heating requirements are best represented by dry-storage warehouses. A
typical ambient air temperature for such facilities may be 55*F (12.8%).
Such buildings do not easily achieve long-term economy by earth-sheltering.

* This is because the lower the indoor ambient temperature, the lower will be
the energy savings in the heating seasons. Also, dry-goods warehouses are
usually-not air conditioned; thus, the cooling benefits associated with .:....

earth-sheltering will not serve to offset the operating costs of that kind
of building.

-~ Refrigerated warehouses have the potential to benefit from
earth-sheltering in several ways. First, the earth acts as a temperatureVN f
moderator, reducing heat gains to the refrigerated spaces. As a result,
cooling loads will be reduced and refrigeration equipment will operate under
more stable cooling loads, resulting in higher operating efficiencies.
Second, in the event of a power or equipment failure, the warehouse will
maintain its design temperature for a longer period of time than would a

'I lightweight structure, thus minimizing the need for backup cooling equipment.

4.5.
5. ROOF-DOMINANT BUILDINGS. Roof-dominant buildings have roof to wall area .. ,,

ratios greater than unity. From the point of view of life-cycle cost,
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roof-dominant buildings have less to gain by earth-sheltering than buiidings
*, with small roof areas. When land costs are not a factor in the life-cycle
Scost analysis, life-cycle savings will not normally be achieved by

J earth-sheltering the roof. In this case, depths of earth cover that would
have a thermal mass close to the thermal mass obtainable at the wall, are
not economically achievable due to the high structural costs for supporting
the additional weight. Consequently, the mechanical savings per uni Of of

•,: construction cost of the building envelope will be much lower for roof areas
. than for wall areas.

In northern climates, an earth-sheltered alternative to a conventional
single-story building will have better life-cycle results as a three-story
building than as a one-story building. Even better life-cycle results will

;; be obtained for earth-sheltering a building that would otherwise be ....

multistory in its conventional form. In southern climates, a multistory
! earth-sheltered building will normally not be a life-cycle improvement over

a one-story conventional building.

6. VENTILATION AND INFILTRATION-DOMINANT BUILDINGS. In conventional
buildings, uncontrolled infiltration is often the single largest factor
contributing to the heating loads. Infiltration occurs at building joints,
roof edges, windows, and doors. Infiltration rates can be improved by
appropriate detailing and by the selection of products with better
infiltrati.on performance. Infiltration at entrances can be decreased by --
using revolving doors and vestibules instead of single-swing doors. To a

:-• large extent, however, infiltration through the building envelope is a
matter of quality control. Earth-sheltering effectively eliminates

infiltration without regard to quality control. Where the amount of ~Y.
fenestration can be reduced below normal requirements, infiltration
reduction by earth-sheltering will often be the most significant
contribution to the life-cycle savings for buildings in northern climates. ___I-'

~ Buildings with low heating loads, and therefore buildings that are not
, infiltration-dominant, will not achieve as significant a reduction in energy

costs.

The heat losses or gains due to the introduction of outside air into an
occupied space for ventilation purposes usually comprise a major portion of
the total load. Any energy saving potential of underground space can easily
be offset by ventilation requirements of the building. It is important that • -'"
the ventilation load (amount of outside air introduced into the building) be•b
minimized. Refer to the recommended levels of ventilation air as set forth
by American Society of Heating, Refrigerating and Air-Conditionins Engineers
Standard 62-1981 (See Reference 5, ASHRAE Standard 62-1981). Minimizing
ventiiation requirements will certainly enhance the energy saving potential
of underground space. Energy recovery systems have the potential to recover
30 to 60 percent of the energy lost through ventilation.

•h 7. MECHANICAL ZONING OF THE BUILDING. The mechanical zoning of a building

~ has an important effect on the relative energy performance of an
earth-sheltered building. Buildings having discrete mechanical zones with
little or no thermal interaction between zones cannot be earth-sheltered to

.! reduce energy loads on interior zones. Consequently, such buildings can
make the most of earth-sheltering by locating the zones with the highest
energy requirements on the perimeter of the building. It may also be
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possible to recycle air from zone to zone to achieve greater thermal

interactiun between earth-sheltered zones and non-earth-sheltered zones,
"though, the parasitic power costs associated with moving air from zone to
zone may offset the energy savings. The use of heat pumps between zones
having opposite cooling or heating requirements may also be a consideration.

8. BUILDING SIZE. The size in total floor area of a building affects at
least four other variables. These are: roof-dominance, life-safety costs,
perimeter requirements, and mechanical zoning arrangement. In general, the
smaller and more compact the building, the more these variables will work to
improve the life-cycle economy of earth-sheltering. Generally, a smaller
earth-sheltering building with a smaller roof area will be more effectively
earth-sheltered than a building with a larger roof area. .

a. Large Buildings. As the size of a building increases, the life-
safety requirements for the number of exits increases. Further, if the *'..''.' -

depth from a windowless wall is increased beyond certain limits, additional
fire access panels or an automatic fire-extinguishing system may be
required. Large buildings will tend to have more zones without earth
contact than smaller buildings. The ratio of earth-contact zones to :
"non-earth-contact zones can be "ncreased, however, by increasing the length- &.,.
to-width ratio of the building. The economic trade-off will be the .V V
increased initi•.l costs for the additional wall area. In large buildings,
earth contact will have little impact on the heat flux through the floor for
zones located away from the perimeter.

"b. Small Buildings. If a building is small enough, fenestration on .
one side (which may be used for passive solar) may adequately serve most of Z
"the building area. Smaller buildings will have a smaller volunu of
independent interior mechanical zones. Thus, more of the zones will be ableL

to take advantage of earte-sheltering. In very small structures without
interior zones, the earth-sheltered building can be arranged to provide all
e:;iting and natural light requirements on a south-facing wall which also
takes advantage of passive solar. Passive solar and earth contact in
residential-size buildings will affect all zones of the building. At this
scale, the structural bay becomes small enough to make earth-cover on the
roof less expensive. However, in warm humidclimates where small
conventional buildings would normally take advantage of passive cooling, ..• X ..

earth-sheltering will not have an advantage. In such climates, the most
effective means of passive cooling will be by cross-ventilation rather than ... Y_-"•
by earth contact.

9. LEVELS OF TECHNOLOGY. Building size normally correlates with the type
• of construction. At one end of the scale, large buildiugs will normally be ..-..-..Z."constructed out of reinforced concrete or structural steel; at the other

end, the building may be based on ham-er-and-nail technology. A rough line -"'

divides these buildings into what can be termed "institutional" and
"domestic" types of construction. Domestic construction is inherently less

-' expensive both in terms of labor and materials. Environmental controls are
less exact. Small earth-sheltered projects which would normally be .%

associated with a less sophisticated construction are often drawn into an
institutional type of technology. Thus, on very small projects, the

"possible costs of shifting to a different technology must be considered in
the life-cycle cost analysis.

1.4-14

S .- *... -. ........ .. %* ...... .*. ...... * * **.* •**

7/' - '.



10. SPECIAL PERIMETER REQUIREMENTS. Buildings that have special
. requirements for access, such as warehouses, may not be able to take
/ •" advantage of earth-sheltering on all sides. The requirement for natural

light and/or views at exterior walls also conflicts with earth-sheltering.
In same instances, the sill height can be raised above berm height.
Skylights and atriums, which are provided to make up for natural light lost
at the exterior walls, must be carefully analyzed for energy loss and

S additional construction cost. Interior planning should include the possible ... .*..

use of borrowed lights to more economically distribute available natural
light.

11. LIFE-SAFETY REQUIREMENTS. Windowless and underground space is at a
disadvantage from a life-safety point of view. Most of the exterior walls
will not be accessible for firefighting. Exiting in an upward direction is
more difficult. Without proper mechanical measures, smoke will tend to
accumulate in the upper portions of the building and clog exit ways. In

: order to offset these disadvantages and maintain the same degree of safety,
I automatic fire-extinguishing systems, refuge areas, compartmentalization,

pressurization, and smoke removal by mecnanical means often must be .,
provided. These requirements may increase the initial construction cost.
Buildings which would ordinarily have such features as the automatic fire-"

S extinguishinS system and pressurized st irwells, will consequently be more
cost effective as earth-sheltered buildings than facilities which would not
otherwise have these features (see Section 12, Fire Protection and Life
Safety).

1 1
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"Section 5. LIFE-CYCLE COST EVALUATION

"1. GENERAL. An evaluation of the economy of earth-sheltering must be based
-* on a life-cycle cost analysis which conforms to NAVFAC P-442, Economic
I Analysis Handbook (see Criteria Sources). This section identifies the

analysis-sensitive variables and overall life-cycle trends for various types
of earth-sheltered faciliticq.

• .2. INITIAL COSTS. Initial costs include all one-time expenditures incurred .

"for financing construction and any related costs such as land acquisition. _._-_-_

a. Construction Scheduling. Consideration must be given to the
duration of the construction phase,.seasonal timing, and mechanical systems

* start-up.

* b. Land Costs. Occasionally, where a value can be assigned to land,
and where there is a programmatic requirement or a future requirement for
open space, the relative cost for land must be included in the life-cycle
analysis.

This can be either a negative or a positive factor. For instance,
if there are no present or future requirements for open space (parking,
parade fields, parks, and so forth), a bermed building plus the related site
work may require more land area than the conventional alternative. If, on
the other hand, the program requires a parade field which can be located on
the roof, the total land area for the project may be reduced.

c. Excavation. Excavation costs for earth-sheltered buildings can
increase significantly over conventional buildings. Particular attention )I "should be given to possible shoring and underpinning costs. Excavation

* below a water table will result in additional costs for dewatering.
Determine if material will have to be hauled from the site.

d. Earthwork. Buildings. with extensive berming and/or earth cover
will involve moving greater volumes of soil. Due to the method of placement
and compaction requirementa, unit costs for placing soil against the

- building will be higher than normal grading unit costs. Unit costs for
placing soil on the roof will also be higher. In addition to the placement
of soil, materials such as soil separators, gravel, and, in some instances, .
irrigation systems, must be accounted for. Determine what materials and
quantities will have to be hauled to or from the site.

e. Planting and Ground Cover. Ground cover will be more expensive to
install than grass, but, the maintenance costs may be lower.

f. Civil. Consideration should be given to costs for additional .....-.

paving required to meet existing road elevations, area drains, sumps,
additional storm sewer, and retaining walls.

g. Architectural. The possible need for parapet walls, guardrails, ..
and special security measures (at skylights, for example) should be
considerei. Roof edge details may be more costly for structures bermed only
to the roof. Reduction of above-grade exterior finishes and windows will
result in significant initial savingr depending on the relative cost of
exterior wall systems. .,,
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4 •Consider the possibility of increased insulation thickness over the
amounts required for the conventional structure. Because insulation is

' usually more economically installed below-grade than above-grade, additional
amounts of below-grade insulation may have a life-cycle cost benefit that is
not as attainable above-grade.

Waterproofing will normally be a more significant factor in
*+ earth-sheltered buildings than in above-grade buildings. A distinction
• should be maae between "dampproofing" and waterproofing. .stermine if

Swaterproofing is required below the floor slab.

-I Consider additional costs for an automatic fire extir~uishing
system and smoke removal systems. Requirements for compartmentalization and -'

- refuge areas will increase architectural costs.

h•. Structural. Bermed single-story buildings may achieve reductions
S.. in the depth of frost footings. Earth-covered roofs will increase the
Sstructural costs for roof framing, columns, and footings. Lateral pressure

will affect the thickness and reinforcing of perimeter walls. Structures
designed for buoyancy will have additional foundation and floor-slab costs.
Column spacing may be different for buildings with earth-covered roofs.
Perimeter columns may be fewer or even eliminated with cast-in-place
concrete walls. Unconventional structural systems such as long-span '**-
concrete barrel vaults may be especially cost-effective in a below-grade

k ~ application with earth cover on the roof. See Section 16, Structure. •. .

•i. Mechanical. Equipment and distribution-system costs will be lower
based on lower peak design loads. Reduced mechanical costs typically
represent a major savings for earth-sheltered buildings. In cases where the
sanitary sewer is higher than the lowest floor, additional costs may includesewage eject ion.'

3. FUTURE ADDITIONS. If the facility requires future expansion, the costs
N of expansion will likely be higher for an earth-sheltered building. The

extent of the additional work involved in below-grade connections must be
| estimated. (This amount must be increased for inflation to the probable

year of the addition and then discounted to present worth.)

4. MAJOR REPAIRS. Major repairs for both the conventional building and the
earth-sheltered building must be inflated and discounted in the same way.
S Roof repairs for an 7arth-covered building will be high•r than repairs for
conventional roofs. However, if the roof membrane is guaranteed by the h •
contractor for a number of years and if the repair costs borne by the
contractor include removal and replacement of the earth-cover, then repair *_•% -.

costs will likely be higher for the conventional roof. Once leaks have been
S :discovered and repaired within the guarantee period, the membrane roofing onSan earth-sheltered building should perform better than the conventional...".

built-up roof over a 5-year period. Further, the built-up roof will 15.
normally have to be re laced within the life-cy,:le cost period. The
replacement year will ary according to the type of the roof construction N -
and exposure, but in a y case, replacement of the built-up roof should % •
constitute a major lif cycle advantage for the earth-covered roof.

61 Replacement of metal coping, flashing, scuppers, and downspouts should also
be taken into account. Replacement of mechanical and electrical equipment h.a
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will tend to favor earth-sheltering. Tuckpointing, painting, caulking, and
"patching should be included for above-grade walls if applicable.

5. OPERATIONAL ENERGY COSTS. Energy costs must be calculated for both the
"conventional and earth-sheltered alternative. Costs for heating and cooling .-

will normally be substaitially lower for the earth-sheltered building. .0.
Electrical costs for lighting can be considered to be the same as for the
conventional building unless it can be demonstrated that lighting levels in
the conventional structure would be reduced due to the availability of more
natural light. Electricity costs for fan energy may or may not be -

significantly reduced, depending on ventilation requirements and the type of
air handling system. All energy costs must be reduced to cumulative .
discounted worth. .• .

6. MAINTENANCE AND OTHER OPERATIONAL COSTS. Maintenance costs are annually
"recurring expenses and must be reduced to cumulative discounted worth.
Often the greatest differences in maintenance costs will be for irrigation '4""

water and mcving, pruning, and fertilization for grass and ground cover. •O.. -,

Other affected costs include window cleaning. Operational costs for
security may be reduced depending on surveillance requirements. Insurance
costs will not normally be applicable to Navy facilities. "'%./.""

7. GENERAL TRENDS. Buildings in northern climates are economically bermed
half-way up the exterior wall. This eliminates foaindntion work between the
floor slab and the frost footing. These construction savings may be offset,
however, if the portion of the wall below grade must be designed as a •.V:-..•
"cantilever retaining wall.

Earth-covered buildings that prove to be economical will usually achieve
life-cycle economy by energy savings attributable to the earth-contact of
the walls. An earth-covered building that uses conventional structural
systems may not be more economical than a fully bermed building. There are
obvious exceptions, including those buildings that achieve a reduction in .

land costs by utilization of the roof area.

Compact buildings with low roof-to-wall area ratios will tend to be more """ "
economically earth-sheltered than buildings with large roof-vto-wall area
ratios (See Section 4, Building Type Evaluation).

S~~Earth-sheltered buildings in very m'!*ld climates are usually not -'''

justifiable on an economic basis alone. The less energy at stake, the less
likely that earth-sheltering will have a life-cycle advantage.

. The inclusion of an automatic fire-extinguishing system in an
earth-sheltered building will be a significant set back to life-cycle .'.

savings if the conventional building (used as a basis in the analysis) does
• _not have such a system. Construction below a water table will have a

similar impact on the life-cycle results. O

If, in a northern climate, the life-cycle basis is a building that has ' - /
high rates of uncontrolled infiltration, major savings will usually be -.
"realized by earth-sheltering.

8. MARGIN OF ERROR. Regardless of the accuracy of the cost estimate for
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the alternatives under consideration, these values will be combined with
gross estimates for fuel and electricity escalation rates and discount
factors (see NAVFAC P-442). Over a 25-year period, a difference of 3
percent in the' chosen discount factor will make a difference of as much'as ...

30 percent in tnergy savings and this is also true of fuel escalation rates.

9. INTANGIBLE CONSIDERATIONS. In comparing earth-sheltered buildings with . .-.
above-grade buildings, a number of factors to be considered that are not
readily translated into cost. These include exterior noise reduction, blast
and vibration resistance, and aesthetic and psychologichl considerations.
Thus benefits may be realized that are not specifically required by the
building program.

All life-cycle cost comparisons involving earth-sheltered buildings mast ."
be accompanied by a qualitative description of the aesthetic, programmatic,
psychological, and lighting implications of the proposed design. The
criteria in Sections 6, 9, 10, and 11 should be used as a checklist for this
report.
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Section 6. SITE CONTEXT

I. GENERAl,. This section discusses the visual relationship of earth-
sheltered buildings and their surroundings. Selected examples of situations -..

,Y that are comon to earth-sheltered buildings are included. "'

2. BASIC RESPONSES TO CONTEXT. The following conditions must be considered
"in response to context. :...

a. Nature. Earth-sheltered buildings are readily integrated with the
natural surroundings. An extreme version of this is the entirely submerged ' - .

building. Where it is dasirable to eliminate all exposed walls, an atrium
may be necessary for natural light, ventilation, and exits. An atrium
allows nature ta be reintroduced at the interior of the building to replace
the views lost at the perimeter.

b. Reference. A large earth-sheltered building can contribute to the
reference system by creating a well-defined open space. For instance, the
roof of an earth-sheltered building can be designed as a central parade

4: ~~ground. .:'. .a : With regard to visual hierarchy, earth-sheltered buildings are

initially a. a disadvantage. This is obvious in terms of the facade-often, ...- _j
an earth-sheltered building will have fewer exterior elements for

- . manipulat ion.

Without proper attention, the building services and mechanical
features of earth-sheltered buildings will tend to be more prominent.
Exterior access for the replacement of mechanical equipment, access for
trash removal, mechanical louvers, meters, vents, and boiler flues must all
be located above grade. Such features should not be allowed to become more
dominant than the building entrance.

A similar problem can occur with the parktng lot. If an
unobtrusive earth-sheltered building is directly juxtaposed to the parking, .- , .7
the building can visually become an accessory to the parking rather than the
other way around. Hierarchical articulation of the building form and visual
reinforcement of the approach to the building will mitigate this problem. .i.

c. Coherence. Coherence is best explained as a condition that .
complies wi-th an expected arrangement. If a new facility is added to a

base, a degree of coherence can be maintained by incorporating similar
building materials.

If the building is earth-sheltered, it is quite possible that the
form of the building will not have coherence in terms of the way it meets ",

the ground. For the above-grade portions of the building, however, the
designer has recourse to using materials that are similar to the materials
used on existing adjacent buildings.

In an urban environment, coherence is maint.ined with respect to

the streets and lot lines. A conventional building which would normally
exceed the established building height or bulk if built entirely above-grade
can be lowered by providing a number of sub-grade levels. This strategy not
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only takes advantage of earth-sheltering but allows the building cornice . 7-7
line to match the existing cornice lines. It is imperative that an e .-.

earth-sheltered building follow the established setback pattern with its
perceived above-grade mass. By doing so, the new building will contribute .
to the definition of the street and will appear to be conventional in terms ..-
of its street image. The above-grade portion will complete the street while
the below-grade portion will take full advantage of earth-shrl ?ering.

In general, coherence with adjacent buildings is less critical in...,'.
non-urbanized environments, but, there are circumstances where it should be
addressed. For instance, along a shoreline or other natural boundary, it
will normally be desirable to preserve the continuity of this r..tural edge.
An earth-sheltered building has a strong potential in this regmrd. Further,.
a submerged building may allow a view that would otherwise be blocked. In
some instances the roof of the building may serve as an overlook or an
esplanade.

d. Identity. Positive identities should be reinforced rather than
disrupted. Where a group of buildingi have characteristics that promote a
positive identity, the above-grade portions of an earth-sheltered building % %

can be designed to reinforce that identity. In the process, any negative -

associations of underground space will be improved by this external identity.

e. Tradition. Certain traditional building features, such as
fenestratiTonporticos, and cornice lines indirectly communicate the status
of the building, how it is to be approached, and how it is to be used. In
terms of the approach to a building, two features-stairs and the r.'... ..

foundation-hava particular significance for earth-sheltered buildings.

An ascending flight of stairs has a strong subconscious impact.
Ascent before enter.ag has a preparatory effect. Rcislig the entrance above
the ground lends importance to the building. Most important of all, it
correlates with the direction that has a positive psychological identity.

In much modern architecture, the exterior "light of stairs is
omitted-in part because of such practical considerations as the economy of
slab-on-grade construction and handicap access. Without proper design,
earth-sheltered buildings can compound this problem. Not only is the
preparatory ascent missing, but the ultimate direction is now downward.

Often, on sloping sites, a horizontal approach can be easily
accommodsted. For a multistory, earth-sheltered building, a horizontal'
approach is usually simple to achieve, especially when all or part of-the
top story is above-grade. On flat sites, this condition can be obtained by
designing the building so that the downward path is contained within tba * ."

buildin. .

The expression of the foundation has traditionally served a purpose
similar to the exterior stair. A foundation allows the building to be •u,-w
perceived as being special and disassociated from the ground. Premodern
buildings, especially, delineated a buffer zone between the main floor and - N

the ground. In much modern architecture, the articulation of the base is .-. • ,
omitted, partly due to the economy of construction and partly due to .'. -.
prevailing aesthetic theory. The lack of the base delineation, which can be -A .P
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- ---r...".. AAu• %UL1VU&LLUaJ. VuuLQcLngS, 10 USUalLy critLcal to
.' the perception of earth-sheltered buildings. Normally, earth-sheltered

"buildings cannot meet the ground through the transition of a base; instead
they comprise what was traditionally the base itself. The earth-sheltered ...

building, consequently, becomes aethestically sud psychologically associated
with the base and with basements.

There are two basic strategies for correcting this condition.

First, in a context where coherence with adjacent buildings is not
crucial, the building can be arranged so as to break up the references to
the rectilinear base entirely. Alternate building features which.do not
connote a base can be employed. These associations include pavilions (as
entrances), greenhouses (as skylights), and pitched or shed roofs (as
clerestories). Exterior materials such as gliss, metal, and tile can be
used instead of exposed concrete to further develop these images. Color may ,.

also be used to advantage. Preferably, the approach would be horizontal and .*.

would terminate at an above-grade entrance feature.

The second strategy involves articulating a traditional facade.
a,,. This will be particularly effective in an urban context where the expression

of a conventional facade is an appropriate response to existing buildings.
4. Alternatively, the earth-sheltered building can be located completely below-

grade with access and mechanical service from an existing building.
I Additional required exits and natural light can be provided through open

recessed atriums or courtyards, depending on the site.

f. Territoriality. The term "territoriality" refers to the need for A%.

psychologically defined and defensible personal space. The extent to which
a person will physically invade a space is related to the degree to which
territoriality is defined, often subconsciously, by comonly understood
conventions. The territoriality of open spaces between buildings is - "
improved by visually defining public, private, and semi-private domains.
This involves orienting the buildings and utilizing landscape features to
avoid ambiguous residual spaces. In urban environments, or large military .e
installations, especially, where multiple housing is involved, good
territorial definition has the practical benefit of reducing crime and
vandalism and, in the case of housing, fostering pride and voluntary
maintenance.

a;.'.'.,

Earth-sheltered buildings which are substantially covered or bermed
cannot define extericr space as well as conventional buildings. Further,
lack of fenestration overlooking exterior spaces inhibits voluntary

su:veillance. Greater attention must, therefore, be given to landscape
design to visually define such spaces. Slight changes in grade elevation,
terraces, changes in planting and ground cover, shrub and tree placement, ,_,
and special paving materials at private areas and entrances can provide % ?

effective psychological barriers.

3. EXAMPLES OF RESPONSE TO CONTEXT. The following examples are of
buildings in temperate climates. In general, though, the basic principles

e,$ illustrated are valid for other climates as well. ... -a.-

4'4
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"F IGURE 4
Submerged Building with Enclosed Atrium

and nature. The form of the building and the planting are modified to
accomplish this. In addition, the parking area is more extensively
planted.

b. Earth-Sheltered Building on Unwooded Suburban Site. The site ."-

illustrated in Figure 4 is adjacent to a highway. The land is moderately
flat without any exceptional views. The surrounding area is zoned for light '- '

industrial and businesses. The earth-sheltered building shown is bermed and
covered. To take the place of perimeter windows, a skylighted atrium is
provided. Service access is slightly below grade at the first-floor
elevation at the rear of the building. Mechanical shafts are located to
reinforce the importance of the main entrance. '.

C. Earth-Sheltered Building on Flat, Open Site. The site illustrated T
in Figure 5 is surrounded by roads on three sides, with the main road on the
east side of the site. The facility illustrated is a single-story

* 4 administration/warehouse building. The administration half of the building
is earth-covered and is located on the south for passive solar advantage.
Notice that the relationship between the main street, the parking, and the
main entrance is awkward-visually the main entrance seems to be incidental Iwo.

to the pa-king. To correct this situation, the building can be turned so :..-.

"that the windows face east. This is justified by the relatively
insignificant effect of orientation on solar gain for a large earth- -

sheltered building in a temperate climate. Figure 6 illustrates this
solution. The importance of the entrance is heightened by a hierarchical
articulation of the facade and the planting and parking layout visually
extend the entrance to the street... ;.. ;,':.'"..

d. Approach to Covered Building on Flat Site. The approaches and
entrances to buildings which have few exposed exterior areas must be
carefully designed with regard to hierarchical and traditional references.

•4.' 1.4-24 .-
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FIGURE 7 "*'"
Entrance Approach with Poor Image •.-'

In addition to the misleading traditional references, this example
A. lacks a hierarchical sequence of references. The visual impect of the

parking lot will easily overpower a building with an approach like the one
illustrated. The building entrance, instead, should be perceived as a
goal. As the entrance is approached by the pedestrian, he should encounter
a reassuring sequence of images.

Figures 8 and 9 illustrate alternative entrances to the same
building.

The building shown in Figure 8 makes use of traditional
architectural elements. Between the building and the toe of the sloping
approach walk, an area is reserved as a preparatory space. This has the
same psychological function as approach stairs, porticos, or canopies in
traditional architecture. In order to make this landing effective, it is
.finished with a paving material that is different from the surrounding
paving. The paving pattern alsoforms strips across the approach path that

t4 form psychological thresholds. The retaining wall is allowed to step down
in a manner similar to a side-pa'apet on traditional stairs. The bottom
half is detailed as a traditional rusticated base by nailing horizontal
strips to the inside of the concrete formwork. The top half of the
retaining wall is sheathed in masonry, thus .establishing a material that is
comonly used above-grade. The incorporation of window openings and a
mullion grid at the entrance reinforces the human reference. Finally, a
symmetrical skylight is added over the lobby and main corridor area. In
addition to providing direct and indirect natural light to the interior, the
gable end references a traditional entrance pediment.

The entrance in Figure 9 accomplishes a similar result without
conventional use of traditional features. The entrance is recessed back
from the building line in this case. The retaining walls are inflectedN.77
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FIGURE 8
Entrance Approach with Implied Forecourt
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Enra" FIGURE 9
Entrance Approach with Literal Forecourt '-

towards the approach path. This results in a preparatory space that is like ."- '

an exterior room cc forecourt. In the process, the references to the
traditional base and its association with the ground are suppressed.
Thresholds are formed at both ends of the forecourt by using special paving
blocks. The clerestory band continues over the entrance, giving the
impression of light and airy construction. The symmetrical placement of the .
clerestories with the hip roof identifies the entrance from the vehicular
approach and the parking area before the small-scale features come into

" "', view. The fresh-air intake ducts serve to visually reinforce the entrance.
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FIGURE 10
Obstruction of Viej. on Harbor Site
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Alao, the view is blocked for other buildings across from the site. Both of
th~ae problems can be solved by setting the building below grade near the
top of the slope. Figure 11 illustrates this solution. The roof of the

L building serves as an overlook. Though the pavilion entrance occupies a
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small portion of the roof, the landscaping arnd building form are designed to
visually reinforce the entrance. Otherwise, such a diminutive entrance

* woul4 be out of scale with the size of the facility. The facade facing theW harbor accommodates additional required fire exits as well as affording
views of thie harbour. -

f. Earth-Sheltered Buildi!M Below Commtonu. On sites where other
buildings are arranged around a commons or quadrangle, it is important to .-ji maintain the e~xisting cite relationships. If there is available land around
the commons for a new building, then an above-grade portion of the building
can take its place with the others as a conventional building. A bermed
building adjacent to the commons would not be suitable. Not only would such

a building weaken the definition of the commons area, but the building would \

building could be designed with structural provisions for an abo'V l
S addition. Or, a new earth-sheltered building may be used to comp).. .he'

-i'-. third side of a partially enclosed yard by matching the adjacent buildings.
Any remaining excess bulk of the building could be placed boelow grade.

Figures 12 and 13 illustrate a similar site. In this case,
however, there is no available land immediately adjacent to the yard. Ye t
the program calls for the function housed in the building on the left to beJo

S doubled. The solution shown in Figure 12 Is unacceptable because the normal ~ .

elevational relationships between the buildings and the yard are upset. The
shallow berm and the mechanical appurtenances all block the view of the-base
of the surrounding buildings. The grade elevation is, In effect, raised so

t hat the approaches and entrances to the existing buildings are awkward. On
any other site, a 5-foot-high wall (1500 mm) or berm might be called .=
unobtrusive, but in this case it is completely incompatible with the

IN context. Figure 13 shows a more appropriate solution. The building is
.S submerged below the existing level of the yard. The principal pedestrian

and mechanical access is below grade from the building on the left.

g.Earth-Sheltered Building on Corner Site. The earth-sheltered
building illustrated in Figure 14 is on a site once occupied by an open
parking lot. There are other existing gaps in the urban structure formed byý
such parking lots. The existence of such temporary gaps, however, does not

4. justify a below-grade building which constitutes a permanent gap in the
coherence of the urban fabric. Totally submerged earth-sheltered buildings
are appropriate only where a permanent open space is allowed by proper site
planning criteria such as the criteria outlined in the first half of this -

section and NAVFAC P-960, Installation Design (see Criteria Sources).

Figure 15 illustrates a proper response to the context. This
building is a conventional building with three below-grade levels. The
design benefits the context in the following ways: the setback., second-. %__
floor line, and cornice are coherent with the adjacent buildings; the
capacity of the street as a primary reference is reinforced; special ~
Identity is imparted to the block by the presence of the new building; and,
finally, the improved territoriality provides a safer, more liveable street.
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FIGURE 13
-'Pieeva tion of Existing Co mons
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"Section 7. SITE CONDITIONS AND EARTHWORK

I. SOIL CONDITIONS. The problems of drainage and ground water are normally
"increased for an earth-sheltered structure over a conventional building
although the magnitude of this difference depends heavily on the water table
locatiau, the local topography, and the depth of the proposed building.

" . -Bearing conditions may be improved or worsened depending on the weight of
any i.,il cover on the roof and the increase in foundation-bearing capacity
with increasing depth into the ground. .

Major problems with deep excavations usually relate to surface and
subsurface water or soft ground conditions. Inflows to excavation can cause
erosion or quick conditions in soils or loose sands. Soft clays can flow
beneath retaining walls and cause heaving in the bottom of the excavation.
Loss of ground into the excavation or movement of retaining walls must be
minimized if the foundations of adjacent buildings are to be protected.

"A geotechnical exploration testing program shall be used to determine
the following:

o Drainage characteristics or permeability

o Water table
o Probable variation in water table over annual cycle
0 Potential volume change upon wetting or drying
o Frost heave potential
o Potential re-use of native soil for fill
"o Foundation bearing capacity
o Potential settlement
o Permissible construction slopes

'o 0maximum !permanent slope angles
.. ,o Erodab--iity

o Required site conditions for equipment access and operation
0o Potentiil excavation methods

Fill and backfill placement and compaction requirements
o Boundary conditions for ground-water flow analysis if needed orm
0 Special construction problems (especially deep excavations)

S2. ROCK CONDITIONS. Several factors can mitigate or balance the extra
expense of excavating in rock. For instance, if excavation in soil requires ,
temporary retaining walls, a rock excavation that requires no temporary
supports becomes more cost effective. Ii the rock is of high enough quality 0
and fissures do not have significant water flows, the rock can be exposed as
an internal surface of the building, saving the cost of a permanent wall and N.
waterproofing. (An internal drain is used with this system.)

Geotechnical information required on rock conditions for earth-
sheltered buildings should include:

o Rock quality evaluation

o Bearing capacity
o Spacing, attitude, and condition of joints
o Changes in rock condition upon exposure (for example, shales)
o Rippability or potential alternate excavation methods

• . "*.'. .'*.'-
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0 Presence of water in joints or seams of rock
o Potential flows through rock joints or seams

* o.~ a Controls or prohibitions on blasting

3. GROUFD WATER AND DRAINAGE. -

a. Identification of Critical Problems. The following conditions
require careful analysis of the drainage provisions for an earth-sheltered
"t'1ilding. -, .

NJ- N'

(1) Sunken Courtyards. Buildings using sunken courtyards below L..
the surrounding ground level must be designed so that water entering the

• courtyard is collected and pumped to a storm sewer or to the surface.
Sunken courtyards should not be used where there is a danger of surface
flood-*ng. '

; (2) Drainage Gullies. Buildings should not be constructed across
- surface or subsurface drainage paths without adequate provision for drainage . .

to prevent a build-up of water on the upstream face of the building.

(3) Lowering Water Tables. Buildings extending below the water
table should only be designed to be drained if the permeability of the
"surrounding soil is low enough to restrict the quantities of water to be
pumped to a reasonable level. Back-up pumps or a blow-out panel should be
incorporated to protect the structure. -

..•-~.<.-

(4) Provision of Free-Draining Backfill. If the natural soil on
the site will not freely drain, then the necessity of providing a drainage
a mterial adjacent to the wall must be considered even in conditions without

! a water table. Sand or gravel are usually recomnended for backfilling when
available because they are easy to compact, provide good drainage, and will '

exert lover lateral pressures (when drained) than other soils.

However, if such free-draining material is surrounded by
poorly draining soils to the eAtent that a natural sump would be formed,
then the capacity of the perimeter drainage system will have to be

increased. Figure 16 illustrates a recomnended alternative to merely,.,- ,

S increasing the perimeter drainage capacity at the footings. %

b. Surface Drainage Techniques. Surface drainage techniques involve
contouring the land to divert water away from the building. This will aid
in both surface and subsurface water control. Surface drainage requirements

,- include the following: 
77.

"o The-ground surface should have a slope 2 percent or greater
away from the building.

o Soil erosion must be avoided. -

o Water flow should be distributed evenly along the remainder of
the site where possible. This increases infiltration and
reduces run off and erosion.

o Earth ;erms steeper than 3 (horizontal) to 1 (vertical) should
be avoided.

o Swales can be used to slow surface water runoff on long steep
slopes.

% %¶
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FI[GURE 16 ,...',..,
Backfilling Around Structure in Clay Zone .. ..-...

o Runoff should not be concentrated onto erodable slopes.
o Junctions between smooth-surfaced walls and earth berms or ,:

banks which are particularly susceptible to erosion must be,,. .,
designed for durability.","""• "

o Gravel cut-off trenches can trap minor surface water flows.
o Drainage channels should be designed to handle the anticipated *.

peak flows without erosion.

For additional requirements refer to NAVFAC DM-5.11, Soil % .
Conservation. -- • "--

co Subsurface Drainage. The function of subsurface drainage around an j

earth-sheltered building is to drain water which penetrates the soil cover
over and around the building and to keep any permanent ground-water .

conditions from affecting the building. ).. .. "
,'...,. . ;,

(1) Roof Drainage. An earth-covered roof must include a drainage . .-

layer to allow the water entering the soil layer to move laterally to the
edge of the building or to another drain point. Soil above the drain layer

should, be capable of holding sufficient moisture for plant survival. A
filter mat is necessary to prevent clogging of the drainage layer.

(2) Wall Drainage. If a granular material is used for wall --
backfill it should extend beyond a 30 degree angle from the base of the wall
to allow the soil pressures appropriate for the backfill to be used (see -_-_
Figure 16). If a granular backfill-is not readily available, a smaller
quantity can be used with a perimeter drain tile and a proprietary wall
drainage mat as shown in Figure 17.

.-.' -- •.1,

If significant quantities of water are expected to drain from , .
the roof drainage layer to the wall drainage layer, a drainage pipe should.
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FIGURE 17N
Drainage at Footing

Gravel drainage layer

Extruded polystyrene hInsuation

W

V. Polyothelene gutter - extend from roof

Perforated drain (wroo in Mwa ma0

V .1FIGURE 18
Drainage at Roof Edge

be installed at the top of the vail as shown in Figuri 18. This reduces
-I water pressure on the walls. Further, the thermal performance of the

LA4 building will be improved by drier backfill.

(3) Floor Drainage. In designs above the water table, the floor ~
% is not usually waterproofed but a drainage layer is incorporated to halt .'**

*, capillary rise in the soil and to drain any temporary pressures caused by
S heavy rains. Connection should be provided between this drainage layer and
L the perimeter drain tile. This can be accomplished by a separate drain-tile

1.4-35.
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system beneath the floor (for large buildings) or by casting small pipes
through the foundation .at intervals of 3 to 4 feet (914 to 1219 mm) to

"4,". provide a connection to the extterior drain system. Exterior drain tiles
should always be below the floor level of the building.

(4) Drainage Pipes. Drainage pipes should be designed for the .
life of the building. They must resist the soil pressure and degradation in ..-

the soil environment. The minimum diameter should be 4 inches (100 mm).
All drain tile for permanent buildings should be protected by filter fabrics
or by an appropriately designed soil filter system. Filter fabrics are
preferred for reasons of simplicity and quality control. Provision for an
occasional clean-out of the drainage system should also be made. Minimum " -

slopes for a drain tile should be 1 inch in 20 feet (25 mn in 6097 mm)
'- except in small buildings where they may be laid horizontally. Vermin

protection must be provided.

(5) Filters. All drainage layers or drain tile must be protected
from clogging by fine particles from the adjacent soil material. Geotextile *•"
fabrics are now in wide use for filtration and dreinage. Requirements for
geotextile fabrics to be used in filtration/drainage applications are: -.

(a) The fabric must be (and remain) more permeable than the
adjacent soil.

(b) The fabric must prevent piping of the adjacent soil.

rssaean(c) The fabric must have enough physical strength, puncture
resistance, and abrasion resistance to survive placement and provide
"adequate in-service performance.

"See Reference 6, Use of Engineering Fabrics in Transportation- .- '

Related Applications by lHaliburton.

(6) Cut-and-Fill Quantities. It is generally desirable to -. ,'
"minimize the amount of soil that must be hauled away from the site since
this is an expensive item if the haul distances are more than 1 to 2 mrles

4 (1.61 to 3.22 kn). When appropriate canditions exist, the construction cost
for earth-sheltered buildings can be minimized by setting the foundation

*: elevation of the building such that the quantities of fill needed for the
berms and earth cover are equal to the quantity of soil excavated from the

lower portions of the building. This balancing presupposes the following
conditions:

So The site is large enough to store the excavated material
before its final replacemet.

o The excavated material is suitable for backfill (and earth
cover, if used). "~\
Cut and fills are most easil balanced on sloping sites.

Buildings of large area extent on flat sit s will not have balanced cut-and-
,. fill quantities unless they are kept very hallow and bermed extensively.

1;IQ Where berming is not possible on flat site due to lack of site area it will
not usually be possible to develop an eartl-sheltered design without net

se. excavation and hauling.
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.'- 4. EXCAVATION, STABILITY, AND DEWATERING. Details of. excavation stabiUty,
7 dewatering procedures,.and seepage and drainage analysis are contained in

NAVFAC DM-7 Series, Soil Mechanics, Foundations, and Earth Structures.
Temporary or permanent dewatering must incl,•de an analysis of the effect of

on the settlement or stability of any adjacent moisture-sensitive
40 soil materials. Earth berms or final grading surrounding earth-sheltered ":"
41 buildings should be landscaped as soon as practicable to prevent erosion.

5. BAQCFILLIFS AND COMPACTION. All fill placed under or adjacent to
earth-sheltered buildings should be adequately compacted. Insufficient
compaction can cause settlement of the backfill. Settlement of wall

4 backfill causes drag forces on the insulation and waterproofing and can
"alter surface drainage patterns, trapping water adjacent to the building.
Backfilling must be carried out carefully to avoid damage to ':he building
insulation and waterproofing. Large equipment should not be allowed on a
building roof or adjacent to the walls unless the structure is adequately
designed for this. Bulldozing earth fill across the roof of an
earth-sheltered building should not be permitted since this can shift

*• previously installed insulation and waterproofii'g. Backfill should not be
concentrated in one spot on the roof before grading since this represents a
more severe design loading condition than the uniform load.

Free-drainin,- granular soil backfills canmot only significa&ntly lower
lateral pressures, but can also divert water from the structure. It is
recmmended that the soil used for backfilling side walls be compacted to 90

ft. percent of the maximum density as determined by ASIM D1557. The soil should
be compacted only enough to ensure that no major settlements occur.
Overcompaction of the soil around the side walls can induce adlitional
lateral pressure on the walls. The backfill should be placed and compacted
in 8-inch (200-mm) lifts. Compaction requirements, methods, and equipment
are given in NAVFAC DM-7 Series.

Fill required beneath floor slabs should have a low plasticity index
(below 13), a low liquid limit (below 36) and should be compacted to a dry Z.
density of at least 95 percent of the maximum dry density as determined by
AS7M D1557. Compaction of this fill should be accomplisýied by placing the-
fill in 6- to 8-inch (150- to 200-mm) thick lifts. Soil placed on the roof
should be only moderately compacted. Vegetation on the roof will play an
important role in how the soil will behave over time.

6. EARTH-(DVERED ROOFS. Earth-covered roofs have unique properties which
offer energy benefits. The large thermal mass associated with earth-covered
roofs not only serves to dampen the continuous fluctuati,•ns in the external
air temperature, but also has the capability to reflect the summer sun.
Radiant heat gains are also countered by latent energy losses due to
evapotranspiration.

Based on computer simulation, Earth-covered roofs are more than capable
of countering radiant heat gains (solar) if plant cover is provided and well
irrigated. In fact, in northern (Minneapolis) and southern climates
(Jacksonville and Phoenix), earth-covered roofs can provide net cooling
benefits during the cooling season; more heet is los'. from the roof than is
gained. These benfits are significant, but typically will represent less
than 1 percent of the total building cooling lood (commercial buildings).
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The important distinction to be made here is that an earth-covered roof may
provide cooling benefits instead of adding to the building's total cooling v, ,
load, as a conventional roof would.

During the heating season, an earth-covered roof's annual energy
performance will be similar to that of a well-insulated conventional roof.
The difference in energy performance is directly dependent on the depth of
"earth cover, and the amount of insulation applied to the conventional roof. "'
Winter peak design loads of the two roof types will be similar unless large
amounts of earth cover are applied to the roof (over 12 inches (300 mm)).
It is difficult to justify analyzing an earth-covered roof with small
amounts of earth cover (6 inches (150 mm)) on a transient basis, since a
roof of this type will nearly reach steady-state heat loss conditions over
periods when cold fronts exist for days or weeks at a time. Earth-covered O.,
roofs with large amounts of earth cover should be analyzed by considering
the thermal mass when determining the peak heating loads of the roof
component. 

. ".

If extremely accurate thermal performance data is required, hour-by-hour .•'..

computer simulations must be carried out to predict the peak and annual
energy performance of the roof :omponent (heating and cooling). .

..- ' .-,:-,
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Section 8. PLANTING AND IRRIGATION DESIGN

.........

Range of average annual
minimum temperalure

SZone 2 -SWI*-40WF
Zon, 3 -W to -3("F•.•.• • Zan 4 -300 lo -2Oq:":"

Zoan 520-o *2O'F
Zone6 -1O'to Of .-.. '.,

SZone? 8 I 10- t ?0-

ZornlO 3I'1o40'F

' V- 59 IT--=J

I FIGURE 19
Climatic Map for Plant Hardiness aestb

1. PLANT MATERIALS SELECTION AND LAYOUT. The following criteria should be , -
identified for each species considered in a planting design..

a. Suitability to Climate. Table 1 contains a partial list of species
based on the climatic zones shown in Figure 19. These species are suitable
for berm roof-top planting. There are, of course, many more species
suitable for use than can be documented here. The landscape designer should
" research the species native to the project's specific climatic zone.

b. Adaptability to Berm Slopes. For the purposes of moisture
,,% protection and the reduction of soil pressure, most berms are constructed of .* ,

materials that drain rapidly. Species of plants selected for use on berms
should be those that can tolerate long periods of drought and rapid

.•, fluctuations from vet to dry conditions. Species that have extensive root
* ~ systems to hold and maintain slopes should also be of primary consideration.

LAW1
C. Adaptability to Limited Soil Depths. Due to the structural costs

.'• required to carry even moderate soil depths on roofs, plant selection for
"•' roofs should be limited to species that are capable of surviving on a

i " limited soil depth. To assist moisture protection of the building, the soil
"-' and drainage layer construction is usually designed to provide rapid

drainage. These conditions result in extreme fluctuations of soil moistureI content. During dry spells, plants that develop extensive root systems will
seek moisture near the building's waterproofing membrane. To avoid damage
to the waterproofing, select species with less aggressive root systems.
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.2P~1TABLE I

Plant Species by Climate (Continued on Page 41)
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A ~TABLEI
Plant Species by Climate (Continued from page 40)
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TABLE I

Plant Species by Climat.e (Continued from page 41)

C)U

0 -
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1.4-42



d. Ease of Establishment and Maintenance. Reduced operating costs and -.

"protectioWn o the wat.rproofing are best obtained by the establishment of
healthy plants that itquire little or no maintenance. Cutting, digging, or
the operation of maintenance machinery can damage the waterproofing at
building edges or roof openings, especially when roof-top soil layers are
thin. The need for permanent establishment of the initial planting without
reworking is essential.

e. Functional Considerations. Certain functional cor.siderations can
be enhanced or accomplished by the proper selection and layout of planting ""
materials for earth-sheltered buildings. _

Species that form dense, tightly packed masses or appear to bear
thorns can be an effective security barrier. Such species may be used in
place of guardrails and fences at retaining walls, parapets, roof openings,
mechanical equipment, and skylights to provide safety barriers as well as
protection from accidental or intentional damage.

Proper selection of plant materials can have a significant impact
on reduction of mechanical cooling loads within the structure by shading
roof top soils and by holding moisture over longer periods of time. Shading
reduces solar gain and moisture retention promotes evaporative cooling.
Shading can also be useful in reducing heat gain through windowr or .. ,..
skylights. Deciduous plants will accomplish this without blocking
beneficial solar gain in winter. Proper plant selection can also control
wind movement in and around buildings. Plants can serve as buffers to
reduce the direct wind velocity at the building, thereby reducing convective
and infiltrative losses. Wind breaks will also limit plant desiccation that
can drain soil moisture and damage the health and growth of the plants.

The proper selection of plant materials can impact the installation
image. A carefully 'designed native association can assist the building inblending with the surrounding landscape when integration with the natural

' environment is required. Screening with plant materials can be effective in
reducing the visual presence of the building, parking areas, or on-grade
"mechanical or electrical equipment. On the other hand, planting may be used
to visually reinforce the building entrance. In urban contexts, appropriate
planting design may call for geometric or formal patterns.

2. IRRIGATION SYSTEMS. Because roof-top and berm drainage systems are
..~. generally designed to carry moisture away from the building, extremely

droughty cbnditions can arise which may test the hari.iness of even the most
suitable plant selections. There are three basic options for irrigation:

,:: manual, spray heads, or trickle systems.

a. Manual. The use of manual irrigation in these situations should be
restricted ýo installations of modest or small size which can be reliably .-- '

observed an• maintained. Consideration should be given first to the
selection o plant materials that require the least amount of irrigation.
For instance. durable shrub species that shade the soil and help hold
moisture will survive better than turf. These species should be capable of

4 tolerating e4tremes of flooding or drought. The layout of available hose
bibb, should be closely coordinated with the probable equipment available

�" for providing the manual irrigation so that no area of planting is
inaccessible. Manual irrigation should also be limited to installations

Zfh Zio /6/



where inadvertent over-irrigation will not endanger the construction due to
hydrostatic pressure.

-~b. Spray Heads. The standard method of laying irrigation lines oith
appopiatlyspaced spray heads is the motdesirable from the point of

view of maintaini ng plant materials. Spray-head application simulates
actual rain conditions, thereby washing away unwanted dust or pollutants and
protecting the plants from desiccation. An automatic spray-head
installation will reduce the danger of over-irrigation, although,
miscalculation of the rate of flow can result in extensive mineral leaching
or erosion on slopes.

c. Trickle Systems,. Trickle systems are a unique compromise for
providing appropriate soil moisture. The systems themselves are lower in
cost and require a lower water pressure for operation. Normally, a
dispensing head is located at each significant plant to provide a slow
trickle of water for keeping the soil moist. The system is time clock
controlled and is normally installed just beneath a 3- to 4-inch (75-mm to
100-mm) mulch layer, or just under the top of the soil. Providing moisture
with a trickle system reduces soil leaching, eliminates streaking or water.

* .~.spotting on windows that may be caused by spray heads and reduces the chance
of extensive over-irrigation due to the smaller volumes of water distributed ~
over time. These advantages must be balanced with the negative effect of
not being able to wash the plant materials of dust or pollutant materials.
In areas with average or significant rainfall, however, plant washing by the
irrigation system should not be necessary.

3. INSTALLATION. Some of the most important considerations in the
landscaping of earth-sheltered structures are the design and installation of
drainage layers and the placement of plants.

a. Application on Roofs. The design Of soil layers and installation
of plants on roof-top situations is a complicated and sensitive process
which should take into account all of the following considerations.

(1) Structural integrity. Table 2 indicates general weights of
commonly used materials in roof-top planting situations. In the
conceptualization of landscape design, the landscape architect should work
carefully with the building structural engineer to provide the necessary
structural capacity and to ensure proper location and distribution of
weights. It is critical to remember that the installation process must be
accomplished by hand, since most road vehicles and heavy machinery will
exceed the efficient design loads for an underground structure. It is
advantageous that the landscape design in some way prohibit the future
inadvertent wandering of large vehicles or maintenance equipment onto a
structural roof deck that is not designed to carry their load.

(2) Protection of Waterproofing. For any underground structure,
the protection of the integrity of the waterproofing is critical. The ' .
layered drainage and soil installation should include layers that prevent
the long-term accumulation of standing water and potential damage from plant *'

roots. Care must be taken to protect the waterproofing, especially at
parapets or around roof openings. Staking methods for large shrubs and

* trees should be such that it is impossible for the stakes to damage the
waterproofing.
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TABLE 2
Weights of Planting Materials

4.

TREES .: ..

Ball Size Callper Wesb2pIR" M8 mm) 3/41 in. 19-25 mm) 180 kg)

22 in. (559 mm) 1-3/4 in. (414 mm) 260 lbs (120 kg)
24 in. (610 mm) 2 in. (51 mm) 340 lbs (150 kg) 0
28 in. (711 mm) 2-1/2 in. (64 mm) 560 lbs (250 kg)
32 in. (813 mm) 3 in. (76 mm) 880 lbs (4100 kg)
38 in. (965 mm) 3-1/2 in. (89 mm) 1100 lbs (500 kg)
42 in. (1067 mrn.) 4 in. (102 mm) 1500 Ibs (680 kg)
40 in. (1219 mm) 4-1/2 in. I 14 mm) 2000 Ibs (910 kg)
54 in. (1372 mm) S in. (127 mm) 2600 1bs(1I8D kg)
60 in. (1524 mm) 5-1/2 in. (140 mm) 3100 Ibs(1400 kg)
68 in. (1727 mm) 6-7 In. (152-178 mm) 3800 tbs(1720 kg)

SHRUBS e.!!.
Ball Size Ht/Spread Weight
W." in.(457-610mm) Evergreen 24 in. soib-C6 10 mm) .A-
60-70 lbs (27-32 kg)
18 In. (457 mm) Evergreen 18 in. spread (457 mm) 50-60 lbs (20-27 kg)
Deciduous 18 ft. 2 ft. height (610 mm) 60-70 lbs (27-32 kg)
18-24 in. (457-610 mm) 3 ft. height (914 mm) 70-90 lbs (32-40 kg)

SOILS MIXTURES AND MATERIALS

SClo-y Soil 75- .-=

Sand 92 (1472)
Peat, semidry 4-13 (64-192)
Perlite 5-8 (80-128)
Vermiculite 4 (64)
Baked clay particles 37 ((592)
1/3 soil, 1/3 sand, 1/3 peat 55-67 (880 - 1072)
1/2 peat, 1/2 sand 52 (832)
1/2 pea., 1/2 perlite 10 (160)
1/3 soil, 1/3 perlite, 1/3 peat 37 (592)
Loan (Dry) 7590 (12,1440) ,- --
Compact Peat Moss 15-18 (240-288)
Loose Peat Moss 3-5 (48-80)
Dry Sand 95-110 (1520-1760)
Wet Sand 120-130 (1920-2080)
Wet Clay 105-120 (1680-1920)
Dry Clay 50-110 (1440-1760)
Granite 170 (2720)
Gravel 120-135 (1920-2160)
Dry-Loose Loan 90-100 (1440-1600)
Wet Slit 130-145 (2080-2320)

Note: These are initial weights. Use full grown weight for structural design.
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membrane.(3) Soil Layers. The rigid insulation assists in protecLing the
membrane. A polyethylene layer over the insulation is recommended to .
improve drainage and prevent moisture saturation which may reduce thermal ."

- resistance. If concrete is used over the waterproofing (such as at
planters), the waterproofing must be covered completely with protection
"board first. The primary drainage layer should be composed of pea gravel.I. A filter fabric over the drainage layer controls some leaching of materials O
from the planting soil layer and also prevents invasion of plant roots.

As a rule of thumb, soil depth for shrubs and trees should be 1
foot (300 mm) plus rootball depth. Soil depth for lawn and ground cover
should be 1.5 feet (450 mm), or 1 foot (300 mm) if irrigated.

- (4) Containers. The container and its location must be
coordinated with ;he structural engineer. Special soil mixtures which
reduce the Eoil weight are often incompatible with the plant's natural soil
requirements. Experience has shown that such mixes reduce the growth rate
of the plant and result in more rapid leaching of minerals in the highly
irrigated environment of a container. If lightweight soil mix must be used,
it should be formulated by a soil and plant lab. In cold climates, it is
absolutely necessary to provide rigid insulation between the soil in the
container and the container wall to prevent soil temperatures from dropping
below the point of tolerance developed by native plants growing in a normal
ground environment.

b. Application on Berms. Most planting installations for berms are •*, %, V.
similar to conventional installations on slopes with the exception that'
berms along building walls are generally formulated for more rapid drainage
and have a smaller mass for holding moisture due to the close proximity of
the building wall.

(1) Plant Placement. In establishing plant layouts rnn sloping
conditions, the designer must calculate the appropriate spacing based on the
actual dimension of the slope ra!' 'r than the horizontal projection of th'
"slope onto a plan. Detailing should also indicate how shrubs and trees are
to be installed and staked so that their grouth habit is in appropriate

Salignment to grade, rether than angl,.d in an U natural way. Plant layouts
must also take into account t" danLer of placing hand-excavated holes too
close to the top of the berm at the building wall. This increases the

4 chance of inadvertently damaging the waterpcoofing.

(2) Erosion Control and Establishment. In establishing plantings
on slope.s of greater than 4:1 by seeding or transplantation, one must use
proper erosion control during construction and early-growth periods. A V_.
variety of erosion control mats are commercially available, the straw-fabric "
"mat being the most common and inexpensive. Straw-fabric mats will hold the
"soil in place and help preserve moisture while the plants are becoming
established, but will gradually deteriorate and disappear over time.
Wood-chip or rock mulch will not remain on the slope during erosive rains.
Plant type and spacing should be selected so as to fill in rapidly without
the need for rock or wood-chip mulch. Moisture holding can be enhanced by
the application of additional loose straw mulch or hydro-sprayed systems.

. .:. :..
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(3) Sod Placement. Sod intended for mowing should not be placed
."- on slopes greater than 3:1 due to the inability of large mowing machines to
Z•'• operate at that angle. Sod on slopes of 2-1/2:1 or greater runs the risk of
C.. movement or sliding in extremely wet conditions. On slopes between 4:1 and
'.. 3:1, sod should be laid perpendicularly to the slope from the lowest point
.• and moving uphill. Joints should be staggered to avoid erosion during
- irrigation or rain. Ends of sod strips should be pegged. Pegs should be .

Slocated at each upper corner and in the center of a sod strip. Always drive
•'." pegs vertically, not perpendicularly, to the slope.

"' 4. MAINTENANCE. Earl' and careful maintenance of a planting installation "
on berms or slopea is necessary for proper establishment and reduced futureON maintenance. -.. "-.

a. Weeding. During the first few seasons of establishment for or
roof-top planting installations,"*regular weeding is necessary. Weedin.

* . should be done by trained personnel who can distinguish the plants to remain
from the plants that should be removed. The designer should verify that the
waterproofing selected is not susceptible to damage from chemical herbicides

or fertilizers.

b•. Mowing. Due to the tendency of berm and roof conditions to become
t droughty situations, mowing should be minimized to assist in the
• ppreservation of soil moisture and turf durability. The option of allowing

certain areas to grow without mowing should be considered, as it will do the
most to enhance the growing environment of the grasses. Heavy mowing

,-. equipment cannot be used on roofs unless the structure is designed to
accommodate such loads. Consideration should be given to the availability
of han6-mowers on the roof-top to minimize undesirable passages through the
building interior.

c. Irrigation. Although the most effective use of irrigation to
promote plant establishment is to provide water o. a time-clock controlled
basis, it is advisable to provide-a system of manual override to prevent
irrigation when natural rainfall has already saturate4 the soil and to
provide for additional irrigation during extremely droughty conditions.

' . 61 %
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Section 9. SPACE PLANNING AND PROGRAMMING

q 1.. ACCESS. One of- the major problems in the siting and site planning of
earth-sheltered facilities is the need to provide adequate and efficient
accesas to the building. This usually conflicts with the goal of maintaining
.a maximum amount of earth-contact. A large number of access points may
reduce the amount of earth-sheltering and often requires retaining walls at
bermed areas.

In climates which have snow and ice, ramps used for pedestrian access
and exiting that have a gradient exceeding 5 percent should be provided with

a system for protection from snow and ice.

Ze", Consideration should be given in design to the maintenance of depressed
entrance areas-especially snow removal (where required). Space for

K'.. stockpiling snow should be provided within the depressed area when
feasible. To avoid expensive hand labor for cleaning paved areas, access by ..

snow-removal equipment should be Considered.

Access for vehicles, including warehouse docking facilities, can be
difficult to design in an earth-sheltered building. Service and vehicular
access functions, which are frequently the least attractive, will be among - ..

the most prominent. Some or all of the following vehicular access functions
may have to be accommodated, both in terms of appearance'and site
engineering. V --

A means of removing and servicing mechanical equipment must be
provided. if possible, this access point should be grouped with storage and .- -.

material-handling functions away from pedestrian entrances. However, to
maximize the utility of exposed wall areas, the designer should consider the
possibility of locating a required fire exit here, ratherbthan opening up
another wall area. In this case, special provisions may benecessary to
keep the exit path unobstructed.

Refuse collection and outdoor storage areas should be located away from
primary entrances. Depressed storage areas with retaining walls on three
sides should be considered as a strategy for concealing the area as well as

maintaining a maximum of earth-contact against the building.

If the topography of the site is relatively flat, the elevation of the
loading berths places an additional restriction on how low a building can be
sited before special provisions are requ~ired to handle surface drainage. In
addition, greatly depressed loading berths may require inefficient and .

expensive ramps or runout areas to reach the elevation of an existing road.
4 J Because the practical gradients for truck ramping are low, the necessary

runout length may not be possible within the available area of the site.

The alternative of loadiklg at a mezzanine level may be too inefficient.

Intake air louvers should not be located near service drives or other
areas having exhaust fumes.

Allowance must be made for unobtrusive locations for 'meters, junction
boxes, fire hydrants, and so forth. These should be specified and not left
to the discretion of installers.
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"F17 .Ev-FIGr1T!G ACCESS. An automatic fire-extinguishing system may have

ta be provided (see Section 12, Fire Protection and Life-Safety and NAVFAC Y.-:.-
r'.11-3, Fire Protection E-7ineerin)').

3. TUU\TEL DISTANCES AND EXITS. In order to maximize earth-contact, it is
desirable to minimize the ntmber of entrances. Retaining walls may be used O
at access location3 to maximize earth-contact, however, retaining walls can
be costly. Ic is therefore desirable to plan the building so that the
r number of access points is kept to a minimum. Refer to NAVFAC DM-8 for
requir=e2nts for travel distances and exits. :

4. MZC:hIANICAýL ZONIU.G The location of functions having different areas and "
different HVAC requireaents will aftect the energy savings attributable to
earth-contact. Large undivided floor areas placed on exterior f

earth-sheltered walls will allow a greater volume of the building to .;.' ;
interact with the exterior walls. The overall amounts of energy saved will
unually be improved if the functions having larger energy demands are
located on the perimeter. An open-plan arrangement for the perimeter areas
tmay be a workable alternative to relocating functions. On a bermed exterior
, wall having fenestration, locating open-plan areas on the perimeter will
aL~o has the advantage of distributing natural light to a greater portion of
the building.

5. STRUCTURAL BAY WITH EARTH COVER. One of the consequences of placing
earth on the roof is the additional structural cost. Structural costs can
"be reduced in some instances by either employing a different structural
system, such as barrel vaults, or by reducing the bay sizes (see Chapter 6,

* Structural). Often the bay size can be reduced without compromising the
functioning of the building. For instance, in warehouses where column lines
are located in the space between back-to-back palletized storage racks, the

S n�-�nber of columns can be increased without interfering with the rtorage •.--'.
anycut.

6. OPTIHIIZATION OF EARTH-CONTACT. In most instances, earth-contact will
yield greater, energy savings than construction which is exposed to the
weather. Possible exceptions to this include small buildings or perimeter
zones that could otherwise take advantage of either passive solar gain or
?pssive cooling by ventilation. Appendix A provides tables for
>:!termination of belowr-grade heat flux as a function of climate, soil type,
in'•ulation, and depth below grade. Construction costs and planning
ccnsiderations will normally prevail over any attempt to optimize the
building shape for thermal performance. However, the following observations
will serve as a conceptual guide.

a. Earth-Sheltered Building With Positive Year-Round Heat Flux. In
cold clizrates3, large buildings with normal internal gains nearly always
exnperience a positive heat flow (from the building interior to the earth
na.3). In these buildin-s energy efficiency is improved by minimizing the
peximeter wall area and by raximizing the average distance to the ground
surface. Insulation placement should be separately optimized.
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Buildings with large internal gains, however, can often be
optimized by increasing the earth-contact area. Such buildings in cold and
"in moderate climates have predominant cooling leads even in winter.
High-internal-gain functions placed on the perimeter will experience a
year-round cooling benefit. An increased floor-slab area will also -
contribute to cooling in this case.

b. Earth-Sheltered Buildings with Negative Year-Round Heat Flux.
Earth-sheltered buildings in very hot climates, especially those with large "
internal heat loads, will have little or no heating requirements. In this
case, the building may experience heat gain from the surrounding soil, k%
especially at shallow depths in summer months. Such buildings tend to be

' optimized by minimizing the building wall area and placing the building at a %S
depth near the constant deep-ground temperature. However, in southern -.

climates, earth-sheltering tends to act more as a buffer to the climate than J.4
as a positive cooling benefit. Cooling derived from earth-contact surfaces Ff
in southern climates tends to be insignificant.

c. Earth-Sheltered Buildings with Both Heating and Cooling Benefits.
The majority of earth-sheltered buildings, in particular thoae in temperate . -

climates, will benefit in both hoating and cooling. In general, the goal is
to get ground temperatures to offset the direction of seasonal heat flow.
Ground temper&.tures warmed during the cooling season, in which there was a %
high thermostat setting, will release the stored heat during the heating
mode when the thermostat setting is lower. Similarly, the lowered ground
"temperatures in the heating mode increase the heat sink capacity of the
earth in the cooling mode. The extent to which earth contact offsetR both
negative and positive heat flux and the depths at which this is maximized
must be estimated using the criteria provided in Section 18.

The question of wall area at these depths is answered by comparing
the net energy usages of perimeter zones and internal zones which are
otherwise identical. If the earth-contact perimeter zones use less total
energy than the interior zones, then the building configuration can be
optimized (in terms of energy savings) by reducing the number of interior
zones and increasing the number of exterior zones. This would imply a
configuration with maximum wall area at the predetermined depth. If, on the
other hand, the internal zones have a better total-energy performance than
the earth-contact exterior zones, the optimum configuration would be square
in plau.

Caution must be exercised, however, when increasing the earth-
contact surface area. The construction costs for additional wall areas ckb-.
exceed the life-cycle energy savings to be derived from the reduced internal
zones and increased earth-contact area.

7. NATURAL LIGHT AND VIEWS. The requirement for natural light in small
earth-sheltered buil.dings is not as problematic as for large earth-sheltered
buildings. In small buildings, natural light, views, and passive solar can
work together to serve a significant portion of the building. Large

.' earth-sheltered buildings, on the other hand, must often resort to
clerestories and atriums to make the building more habitable. The
disadvantages tend to include both increased initial cost and higher energy
loads.
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"relatively small portion of the building envelope. Window orientation
4% (unless combined with passive solar systems) should, therefore, be .

determined primarily by building function and the exterior views. -- '-.
Differences in potential heat gains or losses due to compass orientation
should be the second priority.

When exterior views are limited by an earth-sheltered configuration, it'
is often desirable to nrovide internal atriums or spaces which provide an .".-N
alternative visual relief. In this case, life safety must be given special
consideration.

I0,
8. MAINTENANCE AND SECURITY. Some building elements may be more prone to
damage than in conventional buildings because of the ease of access by
non-authorized personnel. Examples of such building elements are building ,-- -"

vents and skylights which may be quite readily accessible on an
.j earth-covered roof. Design for such building elements should include
~ considerations of building security, privacy and noise or blast protection

if necessary.

Earth-cover resists casual vandalistu damage to most building surfaces
• but critical points are building services such as vents, which are .

* accessible on an earth-covered roof, and skylights, which may also be
readily accessible. A determined vandal could also cause considerable 'A
damage and repair cost by puncturing the roof waterproofing system in a
disguised location.

'-s
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Section 10. ENVIRONMENTAL PSYCHOLOGY

I. EFFECT OF PHYSICAL CHARACTERISTICS. The location of a building slightly
% below-grade does not preclude providing the amenities of natural light,

sunshine, and exterior views. There are, however, psychological barriers to
the physical location of a space below grade even if it has the identical
physical amenities of a a conventional building. Such fears may be related
to a fear of structural collapse, burial, 3r entrapment by fire or flood.
Psychological reactions to an underground location tend to heighten

'. awareness of physical characteristics that may go unnoticed in a
conventional building. The following considerations affect the perception
of earth-sheltered space.

4% .
a. Natural Light and Views. Access to natural light is important to

users of a building even if the proportion of daylight to artificial
lighting is relatively low. The feeling produced by daylight, its
variability and the sense of contact with the outside world are important
reasons for its desirability (see Section II, Natural Lighting, Skylights

. and Passive Solar).

Windows are desired for their ability to provide a direct view, to

monitor weather conditions, provide a sense of contact with the environment
and to provide visual relief from the immediate surroundings.

b. Horizontal Access. A horizontal entrance into a below-grade
building will reduce the impression of entering an underground space (see

4-'• Section 6, Site Context). .

7Ac. Internal Spaciousness. The fear of tight or enclosed spaces is
clearly a potential problem for users of an earth-sheltered building.
"Building designs that allow natural light, provide a good internal
environment, and have a spacious interior will reduce the claustrophobic %

effect of a below-grade space. - .

"Since the functions of a window, besides admitting light, are to
extend the immediate environment of the building occupant and provide visual
change and relief, improvement in user satisfaction and contentment can be
obtained with more spacious interiors.

Ar. Carefully planned interior views which utilize borrowed lights ,

open-plan arrangements, atriums, and/or skylights will achieve greater
visual relief and spaciousness.

d. Internal Environmental Conditions. Windowless- or underground-
• - building users frequently complain of poor temperature and humidity control

and a lack of ventilation or stuffiness. These complaints should be no more
of a problem for a below-grade or windowless building than for a sealed
climate-controlled conventional building. In fact, temperature and humidity
control should be easier to obtain than in an above-ground building. In
addition to the actual air changes provided, the user perception of #.

ventilation is important. Where a superior internal environmental control '

j"..of an earth-sheltered building is made apparent, this will be recognized as "4
a compensation by most building users.
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'Good ventilation should be provided to work stations and it should
be felt or observed. Individual temperature control may improve the
perception of an adequate mechanical system.

e. Spatial Orientation. Since orientation to surrounding buildings
S• and other external features can be lo3t underground, disorientation may --
affect the perception of visitors to an underground facility. Simple
building layouts and clear coding or signing of circulation areas is -;

important. Color coding, preferably warm colors, may assist orientation. ""
Courtyards and skylights can also provide occasional chances for orientation.

2. EFFECT OF WORK CONDITIONS. The following work conditions. cn affect the
perception of a building.

a. Internal Activity. Internal activity within a building that can
• offset the lack of external stimuli will normally be beneficial in a work

environment, provided that it is not too intrusive in terms of noise or
distraction.

b. Length of Stay. An individua Is reaction to an underground or
windowless environment may be substantially colored by the length of time he
or she expects to spend in that environment. Underground facilities

S primarily used for short-term activities such as indoor sports facilities,
restaurants, and shopping centers will thus normally raise fewer objections
than an underground office.

C. Need for Underground Location. Employees of underground or
windowless facilities appear to be more accepting of their environment if
they perceive a rational basis for the ilocation or design of the facility. "o
In other words, since windows are detrimental to the operation of many
sports facilities, museums, restaurants and shops, employees working in
these facilities may be more resigned to their drawbacks. Similarly,
windowless precision laboratory and manufacturing environments provoke less
"criticism than a windowless office building.

d. Job Satisfaction. Employees who derive considerable satisfaction
from their work may be more tolerant of windowless space than employees who
work at repetitive tasks.

"e. Noise. Reduction of noise levels from sources external to the
building may be an important benefit to occupants in a noisy exterior bo
environment--close to an airport or freeway--for instance. Internal noise
levels should be controlled to provide a balance between an unnerving
silence and a disturbing level of noise.

"-:-.
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"Section 11. NATURAL LIGHTING, SKYLIGHTS, AND PASSIVE SOLAR

1. METHODS OF DAYLIGHTING EARTH-SHELTERED SPACE. Daylighting is one of the
more promising energy conservation strategies for reducing lighting loads, but
it needs to be carried out very efficiently in order to achieve the maximum
gain and to avoid the danger of increasing the summer cooling and the winter 0
heating loads. In general, daylighting can be divided into two categories:
(1) daylighting schemes which rely strictly on the beam component of the sun,
and (2) strategies which utilize both the beam and diffuse components.

"a. Beamed Daylighting. Beamed daylighting shows the most promise in
lighting deep underground space since the light can be projected through the
building interior for delivery to target spaces. The optical systems required
"to do this are very sophisticated. The components for such a system include a
set of heliostats (sun trackers), and a system of lenses and mirrors in an
arrangement through which light can be projected. A major advantage of this
system is the ability to bring large amounts of light through small window
openings. Cold mirrors may be incorporated into the system to separate the

"* *-infrared part of the spectrum from the visible, thus reducing cooling loads.
A lighting source such as this will produce one-fourth les" heat than a ' --

fluorescent fixture providing the same amount of light. 1'1
Light shelves are an attractive alternate to the "high tech" solar /

optics discussed above. This technique is a very wor.;,able daylighting
solution for single-story earth-sheltered structures. The greatest asset of
this system is that no moving parts are required. This system is most suited
to ambient lighting.

b. Diffuse Daylighting. Daylighting strategies that rely on the diffuse

solar component are much simpler to design than systems which utilize the beam A
component. These systems do not require moving parts, and are less likely to
cause visual comfort problems. Such systems include the use of windows and
"skylights.

2. PASSIVE SOLAR APPLICATIONS FOR EARTH-SHELTERED BUILDINGS. Passive heating
and cooling techniques can be effectively incorporated into earth-sheltered
"building design to further reduce space conditioning loads. Design
optimization requires manipulation of the building configuration, orientation,
and construction.

The heat transfer process in passively heated and cooled buildings is
variable and of low density. As a result, passive energy performance is
difficult to estimate. To date, the only accurate way to estimate energy
performance is the use of computer modeling. This technique provides an
interactive approach to passive design and enables a parametric analysis to be
carried out quickly. At present, however, this technique has not been fully
developed and is not universally cost effective to the designer. }

Window location may affect the overall building configuration. Buildings
"oriented to the south can take advantage of direct solar gain. Spaces that "
are remote from the south side of the building may take advantage of skylights
and clerestories. Clerestories will normally be preferred to skylights in
earth-sheltered construction since they allow fixed seasonal shading, are
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.Section 12. FIRE PROTECTION AND LIFE SAFETY

- 1. AIR-HANDLING SYSTEMS. Refer to NAVFAC DM-8, Fire Protection
Engineering, for criteria for air handling systems. The following general )

A principles apply to the effective use of air-handling systems for
. pressurization:

"a. Negative Pressures. A negative air pressure should be obtained in
the fire/smoke area by the shutdown of air supply fans and diversion of
return air directly to outside.

b. Positive Pressures. A positive air pressure should be obtained in
adjacent areas by the shutdown of return air fans and by using 100 percent

4 .• outside air.

c. Fire/Smoke Areas. Separate fan and duct systems shall be used for
each fire area. Where the building is not divided into fire/smoke areas,

..- all supply air must immediately shut off and all return air exhausted to the
exterior.

2. SMOKE AND HEAT VENTING. Refer to NAVFAC DM-8 for design requirements

"". ."for smoke and heat roof vents. To effectively implement these requirements,

the designer should be aware of the considerations discussed below. See
also NFPA 101, Life Safety Code, for outside smoke venting requirements.

". Smoke venting is used to alleviate smoke and heat build-up in an
underground or windowless building by exhausting smoke and fire gases from

the building. The current trend in firefighting, however, is to provide
venting only after the fire is out. Storage buildings may require extensive
venting facilities, whereas buildings with low fire loading, noncombustible
construction, and automatic sprinklers may be cleared of smoke through the
"ventilation system provided for normal changes of air.

Vents are most applicable to large-area one-story buildings lacking
adequate subdivision. They are also useful in windowless and

... ~ earth-sheltered buildings. Vents are not a substitute for automatic
sprinkler protection.

Where vents are used on windowless buildings it is necessary to ensure

that there is an area of openings near the ground, at least equal to the
area of the vents, or the vents will not function effectively.

Vents will not function in earth-sheltered buildings unless provision is

made for air to enter the burning compartment near floor level. Fresh airfalling through the layer of hot smoky gases will itself become heated and i

smoky. Sprinklers will cool the gases.

In below-grade areas where gravity venting is not feasible, power
ventilators can provide positive heat and smoke venting. If venting is

initiated only to clear the smoke after the fire, then power ventilators
will be more suitable.

In large, high spaces, smoke can be exhausted with roof-mounted fans- only to a height of 50 to 60 feet (15 000 to 18 000 mm). If smoke becomes
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cool, wet or heavy because of the operation of the sprinkler system, and the
ceiling is higher than 55 feet (16500 mm), it is necessary to mechanically
"introduce air at the floor level in order to remove the smoke through the
vents. The supply air should be directed vertically--roughly in line with
the exhaust fans. The supply should be 75 percent of the exhaust.

-* 3. FIRE DEPARTMENT ACCESS. Access to a building for manual fire-fighting
i must be made easy. Normally the usual entrances to a building will provide

"mosatisfactory access for fire-fighters, but this may not always be the case
with underground buildings. A fire in these spaces often beco.aes an
excessively smoky fire. In addition, heat build-up is usually more intense

because heat venting is inadequate. Firefighters are therefore often placed
"in the position of attacking fires in these spaces in the face of the heat
and smoke.

"For access requirements for windowless buildings, refer to the

provisions of NAVFAC DM-8.

4. REQUIREMENT FOR AUTOMATIC FIRE-EXTINGUISHING SYSTEM. NAVFAC DM-8.
requires an automatic sprinkler system for windowless or underground
structures, "when the combustibility of the contents, or life-safety
features, warrant the protection."

Note, however, that earth-sheltered buildings are not necessarily
"underground structures." "Structure" is defined by NFPA 101, Chapter 30,
as follows: "A structure in which there is no direct access to outdoors or
to another fire area other than by upward travel." It is therefore possible
to have an earth-sheltered building where the direction of travel is
"downward or horizontal. A building built into a hillside with exits on the.
exposed wall would be an example. "

.,V
5. FIRE SEPARATION OF STRUCTURES. Refer to NAVFAC DM-8 for separation
criteria. Completely below-grade buildings are not considered in the above
"fire separation criteria and safe separation should be analyzed using
available criteria in other publications such as DOD 4270.1-M (see Criteria

Sources) and the Uniform Building Code, sub'ect to NAVFAC approval.

NAVFAC DM-8 requires that all grass, weeds, and brush within 25 feet
(7500 m) of all structures be kept trimmed.

6. DRAINAGE. Drainage of water from sprinkler discharge or from iose

streams can be a serious problem in underground structures and therefore

requires study in the early planning stages. If provisions for drainage are
required for reasons other than fire protection, it may be possible\ to use
only one drainage system for all purposes, provided that it is designed to
handle the expected maximum flow.

Refer to National Fire Protection Association, Fire Protection H ndbook, 777

Section 6, for relevant criteria (see Criteria Sources).

Watertight floors are important in preventing the spread of wate
damage. Of greater importance is the number and location of floor drains.!• If interior drains and scuppers are available, salvage teams can remove

V water effectively with a minimum of damage.
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Although gravity flow drainage is the most reliable means of removing

water, mechanical means may have to be used in areas below grade. A waste

"removal pump is best, and it should take suction from a screened sump.

Electric power for the sump pump should be taken off ahead of the service -. . -

disconnecting means so that the building power can be interrupted for

2 firekighting without interfering with the pump operation. Emergency power

should be provided for the pump system.

7. LIFE SAFETY. General life-safety criteria are covered in NAVFAC DM-8.

In addition to meeting the exit requirements contained or referenced in

"NAVFAC DM-8, the following practices are suggested:

a. Refuge Areas. Maximum division of areas limits fire extent and

severity, and provides areas of refuge for occupants. Temporary refuge

areas, stairwells, and elevator shafts are often the prinicipal areas where

"f': pressurization and barriers may be utilized effectively. The Federal

Building in Seattle, Washington, for example, combines exhausting the fire
p. floor and the use of physical barriers and pressurization of spaces above U

Aý and below the fire to confine the smoke to the fire area and to protect the
occupants in refuge areas within the building. .'

Stairways may be pressured to help ensure smoke-free conditions.

From a theoretical viewpoint, the magnitude of pressure need be only

slightly greater than the pressure of the smoky atmosphere. From a

practical viewpoint, a positive pressure of 0.05 to 0.10 inches (1.27 mm to

2.54 mm) of water column should be maintained, even with as many as three

stairwell doors open.

For the safety of the occupants, every level of a windowless or

underground building should be divided into two or more separate areas to

provide safe places of refuge within that level. Areas of refuge are not

"subs:titutes for the required exits; however, areas of refuge should be

considered when life-safety provisions are minimal. Each refuge .rea or C-:..
"fire area" should be on an independent air supply and exhaust system. The

separation between areas is critical. A possible configuration might locate

a vestibule between adjoining areas with the vestibule vented as would be

required for a mechanically-operated smokeproof enclosure. If pipe or

conduit goes through the separation wall which establishes the refuge area,
penetrations must be tightly caulked to prevent passage of smoke. The use

of listed and tested transition devices is suggested. Ideally, there should

be no ducts through that wall. Other penetrations should be limited to the

connecting horizontal exit. I ..

b. Goal-Oriented Exit Design. Goal-oriented (dynamic evaluation) exit

design is discussed in the NFPA Fire Protection Handbook although it is not

identified in either the Uniform Building Code or NFPA 101, Life Safety
"Code, (see Criteria Sources) as an alternate to the more specific exit
requirements.

Fatigue is judged to become important after five minutes of travel

in a downward direction or one minute of travel in an upward direction. To

help reduce fatigue, stairs can be made more gradual. Instead of the 7-inch

(178-mm) rise and 10-inch (254-mm) run stairs, a 7-inch (178-mm) rise with

an 11-inch (279-mm) run would significantly reduce the amount of energy a

-S:
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person would have to expend in climbing. It can take about 30 percent less

energy to climb up the more shallow stairs.

in It is suggested that the following performance criteria be applied

in addition to meeting the criteria cited in NAVFAC DM-8:

(1) All occupants exposed to the fire environment should be able
"* to evacuate to a safe area within 90 seconds of alarm.

. (2) A portion of this time, not to exceed approximately 15
seconds, can be involved in traveling in a direction towards the fire.

(3) All occupants should reach an area of refuge within five
minutes of downward vertical travel or within one minute of upward vertical

movement (fatigue is judged to be important after these travel times).

C. Exit Enclosures. Exits from underground buildings which involve
upward travel, such as ascending stairs or ramps, are provided for in NFPA

101, Life Safety Code. These recommendations take into consideration the
panic that may result when there is no direct access to the outside and no
windows to permit fire department rescue or ventilation.

Exits involving upward travel, if more than one-story or 15 feet
vertically, must be cut off from main floor areas and provided with outside

smoke venting or other means to prevent the exits from becoming charged with
Od smoke. In any fire, some carbon monoxide will tend to collect at the bottom

of the stair enclosures. Consequently, there is some life-safety advantage
in locating the exit from the stair enclosure above the lowest level of the
enclosure. Where downward exiting occurs, provisions must be made t-
pre•q3nt downward travel past the exit door.

•' d. Elevators. Elevators are no, exits but, in practice, they may be
used to get people out and firefighters in. A normal person can go down
stairs for about five stories before the legs begin to feel the strain and

slowing occurs. If people are deep in the ground, they may have to depend
on mechanical systems to evacuate them from the place of refuge.

,., Elevator lobbies could serve as refuge arecs if both the lobbies
and the hoistways are pressurized to prevent the entry of smoke. If 0.06
inches (1.52 mm) of water column is the pressurization to be expected from a
fire in a sprinklered building, the lobby would have to be pressurized to
about 0.08 inches (2.03 mm) of water column. Further, all elevators should
"be programmed to return to the grade-level exit floor. This operation is
activated by the building smoke detection system.
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Section 13. WATERPROOFING

.. 01. SOURCES OF MOISTURE. The basic sources of moisture are:

o Surface runoff
o Water table
o Temporary water pressure

No Vapor pressure
o Capillary draw

Surface runoff must be handled by proper site planning and landscape
design. Since building below the water table is a very poor condition for
construction, the first objective in site selection and planning should be
to avoid the water cable. A structure that must be built partially below
tha water table will require either extensive drainage in orde-, to
permanently depress the water table, or it must be completely waterproof and
designed to withstand the pressures in both walls and floor. Temporary
water pressure against below-grade walls is caused by excessive rains which
cannot be adequately handled by surface or subsurface drainage systems.
Although the frequency of occurrence and the magnitude of these temporary
pressures can be reduced by site planning and drainage techniques, they are

unlikely to be completely eliminated.

%I The final two sources of moisture, vapor pressure and capillary drawi,
are handled primarily by placing the waterproofing skin against the
structure of the building. Reducing the moisture content of the soil
through drainage can also help minimize these problems. Depending on the
relative humidity and temperatiire conditions of the soil and the interior
air of the building, differential vapor pressures can cause water vapor to
flow from the soil into the building. When this occurs, the waterproofing
on the outside of the wall can alleviate the moisture problem. Condensation
problems caused by high humidity and low surface temperatures on the itnside
of the space are not a result of inadequate waterproofing. Capillary draw,
another moisture transport mechanism, which can occur through concrete walls
in contact with moist soil, is usually handled by an impervious
waterproof ing system. It can also be eliminated by treating an air gap

between the earth and the wall.

2. EVALUATION OF WATERPROOFING SYSTEMS. Product evaluation should be based
on at least the foll~wing criteria:

o durability and stability underground
o capability to withstand movement and cracking
o capability to minimize leaks and facilitate repair
o appropriate use
o application procedure
o relative costs

a. Dampproofing Products. This group of products includes concrete
admixtures, polyethylene sheets, and a variety of surface treatments such as

'0 epoxy and acrylic paints, simple asphalt and pitch coatings, and cement
4 pargettng (back plastering) that can be applied to concrete and masonry
O ~walls. It is important to distinguish between these relatively inexpensive, -

easily applied products and other systems that use some of the same
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materials in different ways to yield products with different characteristics J..' .•%' *.% .%

and, in some cises, improved effectivenss (see the sections below on
•, cementitious materials, built-up membranes, and modified bitumens).

Although commonly used for foundations and basements, these products should
not be considered complete and adequate waterproofing systems. The term
dampproofing actually connotes the prevention of dampness but not full
protection from water that may enter the structure.

(1) Stability and Durability. The effectiveness of two of the
most commonly used dampproofing products, asphalt and pitch coatings, is
questionable when they are used underground for two reasons. First, asphalt
emulsions can re-emulisfy in the presence of ground water over a long period 0.
of time and eventually become ineffective. Second, the quality of both -.* *

", uohl'.t and pitch has deteriorated in recent years. Improvements in the oil
reri-i:ag process have resulted in poorer chemical properties in the asphalt
"by-T -oZ:ct. Similarly, as health standards have caused some of the more
volatile substances to be removed from coal tar pitch, a more brittle, less
effective product has resulted. It should be pointed out, however, that a
great variety of asphalt and pitch products, with a potential difference in
properties, is available. Naturally occurring asphalts, for example, would -. :.
not suffer from most of the disadvantages mentioned above.

-! Because polyethylene is manufactured with a consistent
quality, it can serve as a good vapor barrier if it is carefully applied and
seams are overlapped. Although clear polyethylene is subject to degradation
if it is exposed to the ultraviolet rays of the sun, this is not a problem
"in underground applications. Polyethylene is totally inadequate as a
waterproofing system, however. It is not puncture resistant and it is

S difficult, if not impossible, to make watertight seams in the field.

I Epoxy and acrylic coatings can be tough and adhere well to
concrete surfaces. Using concrete admixtures and pargeting with a dense .
cement plaster can greatly reduce the permeability of concrete. Although
some of these dampproofing products can be effective in preventing water

*i from entering the structure and are also relatively.stable underground, they
nonetheless do not represent a long-term solution to waterproofing because
of the drawbacks discussed below.

.' (2) Ability to Withstand Movement and Cracking. Dampproofing
"products may be integral with the concrete structure (admixtures), very

- brittle (cement pargeting), or applied in a relatively thin layer bonded to
the surface (epoxy paints, asphalt, and pitch coatings). In none of these
cases does the product have any real ability to respond to movement in the
structure or to bridge cracks. Although asphalt and pitch have somesoftness and flexibility in exposed locations in summertime, they are

.'4 usually more brittle and subject to cracking when used at cnnsistently low
"I temperatures underground. Since cracks and movement are virtually -'

S inevitable in concrete structures, this is the greatest shortcoming of these
coatings. Polyethylene, on the other hand, has some ability to bridge
cracks and adjust to movement without failing because it is a sheet rather ..L'>:

A, than a coating. For underground applications, clear polyethylene is
superior to black polyethylene as it is not exposed to sunlight.

(3) Ability to Minimize Leaks and Facilitate Repair. Dampproofing
products are incapable of resealing any punctures, tears, or breaks in the
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": coating. In.a soft and flexible state, asphalt, and pitch have a limited

... • capability to reseal. But, in the presence of cooler, below-grade
temperatures, these materials can become brittle. Most dampproofing
products are integral with the concrete or bonded to the surface. Because
any leaks that do occur cannot travel extensively under the coating (as they
could with a sheet or membrane), they are easier to locate. Water can, 0
however, travel through the structural cracks and voids, which can be
extensive in block walls. The problem of localizing a leak is considerably
greater with polyethylene. Water can travel easily behind the loose-laid
sheet. If the sheet is bonded to the surface, the tendency for water to
travel is reduced.

(4) Appropriate Use. These products are not recommended for any
"underground application where a complete waterproofing job is desired. They --
are appropriate only as a vapor barrier for secondary spaces in which some
moisture and dampness can be tolerated.

(5) Application Considerations. The various coatings can be
.- applied by unskilled labor and are either sprayed, trnweled, or brushed on.

Specifications for temperature, humidity, and surface conditions vary with
the products. Polyethylene sheets should be overlapped generously to act as
an effective vapor barrier.

(6) Relative Costs. Most of these dampproofing products have
relatively low labor and material costs compared with the costs of thorough

waterproofing systems.

b. Built-Up Asphalt and Pitch Membranes. This type of membrane, .
consisting of layers of hot-mopped asphalt or pitch alternated with felt or
fabric reinforcing which is bonded to the structure, is a very familiar and Vr
commonly used product on conventional roofs. This system has been used with
some success in various underground applications, but its long-term
durabilty below-grade, as well as its capability to perform in the same

. manner as cn conventional roofs are questionable. Long-term performance is
"more critical underground because the waterproofing is not easily accessible
for repair and eventual replacement.Ra

(1) Stability and Durability. The long-term stability of many
asphalt and pitch products underground is not reliable. Although the basic
built-up membrane is relatively impervious to water and water vapor when
first installed, constant exposure to water can cause deterioration of the
anphalt. As for the fabric relinforcing, organic felts will eventually rot
with constant exposure to water, whereas glass-reinforced fabrics will last
much longer.

.'-'. /

S..•,• (2) Capability to Withstand Movement and Cracking. Built-up .
membranes have mechanical stren ,th that simple asphalt or pitch coatings do
not have. Nevertheless, becaus membranes are relatively brittle and
inflexible at cool below-grade emperatures, they cannot absorb movement or
bridge cracks in the concrete s ructure.

(3) Capability to Mini ize Leaks andFacilitate Repair. Built-up

membranes used on the roofs of a ove-grade structures are noted for some
capability to reseal punctures, primarily because they become soft and "0-

J-. -,.
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flexible when heated by the sun. In the cooler below-grade environment,
however, they remain too brittle and inflexible to have very good resealing
properties. If a leak does occur, the built-up membrane does not always
adhere to the structural surface as well as other waterproofing products
that are chemically bonded. Thus, water that penetrates the membrane may
travel behind it to some degree, making leaks difficult to locate. Any
repairs to the membrane must be made from the outside.

-- "4 (4) Appropriate Use. Horizontal surfaces that have a slight slope
i-.4 for drainage are the most typical and best applications for built-up

membranes. Although they can be applied to vertical surfaces, such
application is more diffizult, particularly when the membranes are applied
hot. Because these membranes are not continuous flat sheets or roll goods,
but rather are built up from smaller pieces in layers, they are better
suited to more complex forms than are other sheet goods. The waterproofing
can be formed on'curving surfaces and around penetrations as an integral

S flashing.

(5) Application Considerations. The basic work of mopping on the
hot asphalt can be done by relatively unskilled labor. However, experienced
supervision and proper equipment are neceasary to ensure proper . .

installation. The conditions required for successful application are not as
stringent as for many other products. The surface must be relatively clean,
dry, and smooth, but some leeway for irregularities exists. The membranes
can be applied in a wider range of temperature and humidity conditions aa
well. Because the membrane may be relatively soft after application, it
should be carefully protected from punctures or damage during the
backfilling process.

(6) Relative Costs. Material and labor costs for built-up
membranes are moderate compared with costs for other waterproofing"'1 products. More competitive bidding may be possible, due to the greater

"* number of qualified applicators and the familiarity of built-up membrane.

"c. Cementitious Materials. The various cementitious waterproofing
materials, which are sprayed, brushed, or troweled onto concrete surfaces,
consist of Portland cement and certain organic or inorganic additives. When
the mixture is placed on a concrete surface, it comes in contact with
moisture and unhydrated cement, causing the formation of crystals in the
voids of the concrete. The size of the crystals is such that water
molecules cannot pass through, while air and water vapor can. Thus, the
concrete can cure properly while maintaining a waterproof surface. '-

N, (1) Durability and Stabilty. Most cementitious materials are
stable underground and compatible. with most soil chem'cals and conditions.
These alkaline materials (pH of approrimately 9.0 to 9.5) will resist pH
levels between 3.5 and 11--a range that includes most soil conditions.
Prcducts that use sodium-based additives to react with the cement in the
concrete may be less desirable because sodium is water soluable and could
"leach out of the concrete over time. In general, however, cementitious
"products themselves have a long life span.

"(2) Capability to Withstand Movement and Cracking. The major
•% disadvantage of cementitious waterproofing materials is that they have very
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little capability to bridge any cracks in the coucrete caused by settling,
thermal expansion, or other movement. Although very small hairline cracks
can be bridged, any larger cracks, which are common in most concrete
structures, represent a break in the waterproofing system. Buildings that
incorporate precast elements, cold joints, or masonry walls are generally
more likely to crack than are monolithically poured concrete structures.
"Post-tensioned structures in particular resist cracking because the concrete
is held in constant compression. Thus, a post-tensioned structure

K represents the best possibility for successful. waterproofing with a
"cementitious product.

(3) Capability to Minimize Leaks and Facilitate Repair. As stated 0
above, any leaks that occur with cementitious waterproofings are likely to

.- result from cracks in the concrete structure. Since the waterproofing is
integrated within the concrete, water cannot travel behind the waterproof
layer as it can when an attached membrane material is used. It can,
"however, travel within and along any cracks, thereby increasing the
difficulty of finding the major source of the leak. Cementitious materials
have no resealing capabilities, but, if a leaky structure requires repair,
these materials can be applied from the inside of the structure, even
against hydrostatic pressure. Presumably, application could be done after

* major cracks were carefully resealed from the inside, though, this might
merely cause the entry point of water to shift to a new location by
migration of water along unsealed portions of the crack.

(4) Appropriate Use. Cementitious products are limited to use on
concrete and masonry surfaces. Basically, a product that can be sprayed or
troweled on and that actually penetrates into the concrete appears to have
certain advantages. It can be applied to complex or curving forms, for
example, as well as vertical or horizontal surfaces. Unfortunately, this .V.X
apparently wide range of applications must be carefully limited to
situations in which cracks are unlikely to appear.

(5) Application Considerations. Unlike most waterproofing
systems, cementitious materials can be applied by relatively unskilled or
moderately skilled labor. Another advantage is that they cannot be easily
damaged during the backfilling process. The major application concerns are
"the condition of the concrete surface, the moisture content of the concrete, ., *

and the temperature. Although the concrete surface should not have any '-

major defects (honeycombing, rock pockets, or faulty construction joints)"
small irregularities are acceptable. In fact, a surface that is extremely
smooth may be undesirable because the waterproofing material must be able to I2O

penptrate into the open capillary system of the concrete. Surfaces must
also be clean and free from concrete form oil, curing compountds that seal
the concrete pores, or other foreign matter that could inhibit penetration.
Light sandblasting or waterblasting may be necessary. Modified cementitious
"materials that can be applied on concrete block walls are available.
Additional surface preparation is usually required for block walls to cover .
cracks and render a more unif :.-m surface.

Because moisture is requirec' to form the crystals, newly
poured concrete that is damp throughout is the ideal application condition.o-. 9" Under other conditions some prewatering may be required. It is important"';' "that the aurface be moist, but if it is wet, it will dilute the penctrating _i
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material. Cementitious materials should not be applied at temperatures
below 40*F (4*C). Proper curing depends on the temperature and the reaction
of the twterials with water. Most cementitious waterproofing materials
require air for curing and must be sprayed regularly over a period of two to
th'ree days with a misLy spray. Therefore, the materials ahould not be
covered immediately by polyethylene. During curing, however, they must be
protected from excessive wind, sun, rain, and frost..

(6) Relative Costs. Because a number of cementitious materials

are available, costs can vary widely. In general, material costs can be
considered moderate and labor costs low to moderate in comparison with other
waterproofing systems.

d. Liquid-Applied Waterproofing Systems. This group of products
includes a variety of urethanes, elastomers, rubbers, and other synthetic

_: compounds which are applied in a liquid form. They tynically cure in 46 to
_ - 72 hours to form a single, seamless, membranelike coating which is bonded to

the surface of the structure. They can be applied in thicknesses of 15 to
100 mils (0.38 to 2.54 mm). But, 60 mils (1.5 mm) is generally the minimum
thickness desirable for uuderground application. These products are applied
in one or more costs by spray, trowel, roller, or brush. The liquid-applied

": systems included in this category are:

0 polyurethane

o polyisobutylene (butyl)
o polychloroprene (neoprene) .:...,

0 chloronated polyethylene (hypalon)
o polyvinyl chloride "...

•- o polysulfide
o silicone
o acrylic latex .%'

Because of the large number of products and the almost infinite
variaLi..ons possible with some of them, it is somewhat difficult to
"generalize about their characteristics. This discussion will emphasize the
polyurethanes because they are the most common and the most likely to be

b used underground. The basic properties of the rubbers--butyl, neopren., and ""
.' hypalon-are discussed in greater detail in the subparagraph below on rle

vulcanized sheets, which is their more common &, lication. Although the
specific chemical properties of these liquid-applied materials can vary ."
considerably, they can be evaluated as a group because most of the general

* characteristics-'he ability to withstand movetent, and design and
\ application considerations--are quite similar.

(1) Stability and Durability. The properties that affect the
atability and durability of products within this classification of

.• waterproofing systems can vary widely; hence, these characteristics must be
carefully examined. Some products can be prepared to suit a particular
application, so that they are especially :=sistant to certain chemicals, to
sunlight, or to abrasion, for example. With respect to underground
applications, only the polyurethanes have a reasonable history of use.

_• Although a discussion of the chemical makeup of these products is beyond the
scope of this evaluation, some basic points can be made. One-component

U-M polyurethane systems are relatively inexpensive and easy to apply but ca-a
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it t
become brittle and lose adhesion. They are not recommended for use
underground where performance is critical. Two-component systeiis, although

more costly, perform much better. Products based on easers and ethers were ".
"developed to resist abrasion above grade; they are not recommended for

underground waterproofing because they will become brittle over time.

One characteristic of liquid-applied membranes that would
appear to be an advantage over factory-produced membrane sheets is that they
are seamless (seams are usually the weak point of loo-'e-laid membranes and
roll goods). Attaining the same levels of stability and durabilty
characteristic of factory-produced materials in a liquid that is cured in
the field may, however, be a significant problem. The rather exacting
conditions required to produce a plastic or synthetic rubber are difficult
to duplicate in the field, because of the variations in surface conditions,
temperature, humidity, and manner of application.

lu a iThe application procedure can affect the durability of the

liquid-applied systems. For example, the use of spray-on applications can
seriously weaken the membrane by entrapping air bubbles. Thicker products
that can be troweled on are generally more desirable. Some liquids are
intended to be applied in a "self-leveling" form. Since it is nearly
impossible to build a completely flat, smooth surface, the self-leveled
"membrane will be thicker in some areas than others. Sections of the
membrane that are too thick can blister, adhere poorly, and cure
improperly. Polyurethanes cure slowly: when the time required for curing is
incompatible with construction schedules, additives are sometimes included
to speed up the curing process. The drawback to this technique is that the
decrease in curing time results in a product that may be more brittle.

Acrylic latex-based products are not recommended below-grade N
because the ground water can cause the latex to re-emulsify and migrate from
the wall. Polysulfides are composed of synthetic rubber that is quite
impermeable to water and resistant to chemical attack. They are costly and

excessively soft. Polysulfides ati not currently manufactured in the United
States. Liquid-applied waterproofing systems based on silicone are
relatively new and have little history of application. Because of certain
drawbacks, which include poor adhesion to concrete, the silicones seem
better suited to above-grade, rather than below-grade, applications. ...

.(2) Capability to ithstand Movement and Cracking. Liquid-appliedt
waterproofing systems are fully bonded to the structure. Therefore, any- ~~strain caused by movement and cracking must be taken up by the material '•!

lying immediately over the crack. Although these materials have some of the ¶
properties exhibited by factory-made membranes--toughness, tensile and shear
strength-the capacity of relatively thin, fully bonded materials to bridge
" cracks is limited. Thus, these products are not recommended for precast
concrete roofs, which have a great potential for movement and cracking.
Rather they may be more suited to reinforced and post-tensioned poured .
slabs, in which cracks are minimized.

(3) Capability to Minimize Leaks and Facilitate Repair. Like most
membrane and sheet materials, liquid-applied systems have no capability to
reseal punctures or tears. They do have two advantages over sheet goods in

minimizing leaks in that they are seamless and are fully bonded to the A
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structure. Provided that the material has good adhesion, leaks cannot

* travel under the membrane. The source of the leak is easier to locate and
therefore easier to repair, but, if a leak is accompanied by loss ofi adhesion in the membrane, the repair can be more difficult.

(4) Appropriate Use. Liquid-applied systems will bond to a wide
range of structural and insulation materials if the product is correctly
formulated to do so. The limitations on the appropriate type of surface are

. based not on the capability of the products to bond, but rather on their
incapability to bridge large cracks that may occur during the life of the

iA structure. Direct application is, therefore, not advisable on precast roof
decks, masonry surfaces, wood decks, or other surfaces that have a great *v
potential for movement and cracking. These products are best applied to
reinforced and post-tensioned poured concrete slabs. In general, the
liquid-applied systems are best suited to horizontal surfaces that have a
slight slope, although the self-leveling products require a completely flat
surface. Some liquid products are formulated to be applied to vertical
surfaces, usually in several coats.

Compared with flat sheet membranes and roll goods, materials
with good adhesion that can be troweled or sprayed on are more suitable for
designs that incorporate complex geometries and curving surfaces. Some
question remains, however, as to whether or not the controlled, uniform
thickness required for proper curing can be easily achieved on a complicated
shape.

(5) Application Considerations. Although the actual brushing or
troweling on of these liquid-applied materials does not require highly
skilled labor, it is very important to use experienced applicators in order -a.
to ensure proper surface preparation, control of the application, and
adequate curing time.. Some products require a primer or masonry
conditioner, which can raise labor and material costs. If the materials are
not applied in an even thickness, problems can result. Bubbles can form as
gases are released during curing. Adhesion can be lost in areas where the
membrane is too thick. Improper application can result in irregularities in.
the coating, especially in corners and around vent pipes. For best results,
tw coats are often desirable. On vertical surfaces several coats may be j.1 6
required, along with embedment of the fibers into Liae first coat. Many of
these products release toxic fumes during application and curing.
Respirators and good ventilation are required.

The mo*t criLical aspects related to the application of these
materials are t'he preparation of the surface, the air temperature, and the
humidity ..onditions. More than any other type of waterproofing product, the
liquid-applied systems require a very clean, smooth, dry surface. All oils .must be removed, voids filled, and any imperfections in the surface
smoothed. The concrete structure should be allowed to cure the full 28 daysbefore the waterproofing is applied, to ensure that most of the moisture is
gone from the surface. Some manufacturers do not reco mend that theirJ products be applied in situations where moisture must evaporate from the
concrete surface underneath, because it will cause the waterproofing to ., /
blister and lose adhesion. These situations include lightweight concrete
decks, which release large quantities of moisture, and concrete over steel~ decking, where the moisture cannot escape downward from the slab. ,
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Under the best temperature and humidity conditions, curing of
a typical membrane may take 48 to 72 hours, depending on the specific
product. Curing of waterproofing that is applied in temperatures below 40OF
(4*C) would take several weeks, whereas application above 80*F C27*C) may
result in too rapid curing, which can cause brittleness in the membrane.

'1 Similarly, if the relative humidity is below 30 percent, the membrane would
cure too slowly; above 85 percent humidity, it cures too fast.

After application, the material should be inspected to make

sure no voids or bubbles are left in the membrane. Insulation should not be
placed over the waterproofing too soon since some volatile substances given

11 off during curing can attack polystyrene insulation. Like most
waterproofing products, the fully cured liquid-applied material should be

*protected from damage during hackfilling.

(6) Relative Costs. Labor costs are moderate for the application
of this group of products. Material costs can vary considerably because of
the many types of l'iquid-applied systems. Generally, material costs range
from moderate to high for the best-quality products compared with costs of
other waterproofing systems.

e. Modified Bitumens. These materials, often referred to as
rubberized asphalt, consist of asphalt combined with a small amount of
synthetic rubber, applied to a polyethylene sheet. In some cases, a second
polyethylene sheet is placed between two layers of the rubberized asphalt.
The material comes in rolls ranging from 3 feet (914 mm) to 4 feet (1219 mm)
wide. The strips of rubberized asphalt adhere to the structural surface and

are overlapped to adhe,:e to each other.

1* (1) Durability and Stability. Since modified bitumens come in
factory-produced rolls, they have uniform thickness. The quality of the

* asphalt itself can vary, however. Rubberized asphalt has good resistance to
most chemicals found in the soil. Polyethylene also has good stability in
underground conditions, where it is not exposed to the ultraviolet rays of

* ~the sun. Generally, these imaterials will not rot or mildew.

* Deterioration of asphalt in contact with ground water is
* reduced considerably with this system because the polyethylene prevents

moisture from coming in contact with the asphalt. Further, the polyethylene
acts as a good vapor barrier. The addition of rubber to the asphalt gives
the product tensile st rength and stability. The rubber makes the asphalt
softer and may reduce its tendency to deteriorate tith time. The rubberized
asphalt products can last a relatively long time if they are carefully
installed in aa appropriate situation.

(2) Capability to Withstand Movement and Cracks. The tensile
4strength of the polyethylene and the rubber in modified bitumen materials

makes them effective irn bridging over cracks up to 1/4 inch (6.35 mm) wide.
The softness and flexibility of the rubberized asphalt allow for some
movement to occur without stressing the product to the point of failure.
The capabil~ty of the material to bridge cracks without leaking depends on
very good adhesion at the seams, as movement usually creates extra stress in
these areas. It is best not to place seams directly over points where
cracking is likely to occur, such as at cold joints or other structural
connect ions.
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(3) Capability to Minimize Leaks and Facilitate Repair. Modified
Sbitunens are intended to be used with a primer that helps bond the product

...' to the -structure. Along the overlapping seams, the rubberized asphalt bonds .well to the polyethylene. Ideally, the material will be completely bonded

•= to the structure, thus preventing any water that penetrates the membrane
from migrating. This means that the source of a leak will be easier to
find. Completely bonding the material to the structure may be almost
impossible under most field conditions, however. Because loss of adhesion
can occur for a variety ot reasons, modified bitumen products must be very
carefully applied (see "Application Considerations" below).

(4) Appropriate Use. Modified bitumen products are versatile in
that they can be used on concrete, masonry, or wood surfaces. They are well

S,•" suited to applications on vertical surfaces where there is no continuoust - head of water. They must be used with more discretion on horizontal
surfaces, however. Because these products have numerous overlapping seams,

it is not advisable to use them on flat horizontal surfaces where they could

I be exposed to ponding. If a modified bitumen product is to be used on a
horizontal surface, the surface should be sloped slightly to provide

•. drainage and the seams must be overlapped in a manner similar to shingles on4 'X a conventional roof.

(5) Application Considerations. Successful application of
modified bitumens depends on great care in the preparation of the surface
and application only under the proper temperature and humidity conditions.
Experienced, skilled labor is usually required for successful application.
A smooth, clean, dry surface is necessary for good adhesion of the product
to the surface. Mechanical grinding may be required on concrete surfaces,
but slight irregularities are acceptable. The waterproofing material should a
be applied only when the surface temperature is above 40*F (4WC), because
colder temperatures reduce the quality of both the bonding and the seams.
Space heaters should never be used to warm the surface of the rubberized
asphalt because they add moisture, which can cause condensation that may
loosen the bond.

Modified bitumens are incompatible with pitch and certain
solvents and sealants. Because membranes are combustible, they should not

,- be exposed to flames, sparks, or temperatures over 100*F (37.8C). Modified
bitumens, like most elastomeric materials, have a high degree of memory,

* such as a tendency to return to the original sheet or roll configuration.
. Although wrinkles or voids created during application are rolled out, the
\material will tend to return to the wrinkled state.

During the backfilling process, the waterproofing products
should be protected from damage. Insulation can serve this purpose. On
uninsulated roofs a layer of sand can be used, whereas bume form ofIprotection boards is ncsayon uninsulated walls. The backfilling

operation should occur relatively soon after the waterproofing is installed
so that the polyethylene is not exposed to ultraviolet rays from the sun.

(6) Relative Costs. Compared with costs of other waterproofing
• products, the cost of modified bitumen products can be considered moderate
. *1 or average.
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f. Vulcanized and Plastic Sheets. This classification of
waterproofing materials includes various natural and synethetic rubber
compounds and plastics that are formed into sheet membranes by vulcanization "
or other processes. The generic names and chemical compositions of the six
major types of sheet membranes are:

o isobutylene isoprene (butyl)
o ethylene propylene diene monomer (EPDM)
0 o polychloroprene (neoprene)
o chlorosulfonated polyethylene (Hypalon)
o chloronated polyethylene (CPE)
o polyvinyl chloride (PVC)

Most of these materials are available in roll stock or sheets in
sizes up to 50 feet (15 240 mm) wide and 200 feet (60 960 mm) long,
depending on the product. Flexible sheets of PVC are available in sizes up
to 80 feet (24 384 mm) wide and 700 feet (213 361 mm) long. Thickness
ranges from 1/32 inch (0.79 mm) to 1/8 inch (3.18 mm) in the vulcanized
products and typically between 10 mils (0.25 mm) and 45 mils (1.14 mm) for
CPE and PVC. They can be seamed at the site, using special cements or

solvents, or in the factory to form a single membrane that will cover the
entire structure. The membranes can be loose laid or partially or fully
bonded to the structure. Some are used for above-grade conventional
applications as well as below-grade. Some of the products, EPDM and
"neoprene in particular, are used as flashing materials and are available on
rolls as narrow as 12 inches (305 mm) for this purpose. Most of the generic
types of sheets are also available in a liquid form that has the same basic
chemical composition. Although most of the characteristics of stability and
durability are similar for these liquids, the other criteria--such as the
"ability to withstand movement or facilitate repair and the application
considerations--are quite different. For this reason the liquid forms of
these products are discussed in the section on liquid-applied systems.

(1) Stability and Durability. With the possible exception of PVC
sheets, the stability of this group is quite good. In addition, the
products in this group have among the longest life spans of all the
waterproofing products. The high quality control in the manufacture of the
sheets results in very consistent products. Generally, these membranes are
moderately tough, puncture resistant and resistant to most chemicals. Soft
and flexible, most of these products can be elastic in temperatures ranging

*from 40*F (40C) to 200*F (93C). The vulcanization process helps prevent
the stress cracking that can occur when sheet membranes are used on sudden,
sharp bends.

Although the membranes themselves have excellent

characteristics for underground applications, the presence of seams is
always a concern. The vulcanization process gives butyl, EPDM, and neoprene
great strength and resistance to permanent deformation under long-term

Sloading. Seams that are made in the field with colc-applied solvents or
cements, unfortunately, do not have these same inherent characteristics.
They can be sufficient, however, if they are not located in areas with great
potential for movement or stress from other forces. For best results, the
number of seams should be minimized and application should be done with

l extreme care by professionals. The sheets can be seamed in the factory into
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one custom-fit membrane. Although this process guarantees a good bond. the
resulting rather large, heavy membrane may be difficult to work with.

The six major types of membranes, although similar in many of
their general characteristics, differ in some ways. The key characteristics
of each type are briefly discussed below.

Butyl membranes are lightly vulcanized, resulting in high
.-..- " strength, flexibility, and softness. They can be reinforced with nylon and

have a high resistance to heat and ozone. Although they are resistant to
bacteria, fungi, and most soil chemicals, they should not be exposed to -•
acids, oils, or solvents. The very low permeability of butyl rubber to gas

% makes it a good vapor barrier.

: c EPDM is a synthetic rubber that is quite similar to butyl in "
most respects. It is even more resistant to weathering, chemicals, and the

ultraviolet rays of the sun. Like butyl rubber, it can be reinforced with
nylon. The sulfur included in its composition provides EPDM with high

~ '-. strength.

Neoprene is a synthetic rubber that has good resistance to

chemicals, oils, solvents, high temperatures, and abrasion. It is more
'• v nesensitive to degradation caused by exposure to the sun than are the other
Svulcanized membranes. It is also more vapor permeable than the other

vulcanized membranes. Generally, neoprene membranes are not used in
underground applications as often as butyl membranes or EPDM. Neoprene is
commonly used for flashings because it can be formed into complex shapes in
the field when heat is applied to it. Rolls of neoprene flashing material
are available in cured or uncured form.

Hypalon is distinguished from the other sheet membranes in a
- number of ways. Its chemical composition gives it some unique

.. ' characteristics. Because Hypalon is highly resistant to the ultraviolet
rays of the sun, ozone, and high tempeatures, it is suitable for exposure
above grade. Unlike the other membranes, it can be manufactured in a
variety of colors. Perhaps the most undesirable characteristic of Hypalon a.

2' ' is its relatively high rate of water absorption if it is constantly exposed
to water. Thus, it is generally not recommended for use underground.

CPE, which is also quite durable and stable underground, is
available as a 20-mil (0.51-mm) sheet laminated to a polyester backing that

can be fully bonded to the structure. Seams can be made on site by welding
the sheets with solvents, cements, or adhesives, and in the factory by means
of an electrothermal process. If properly done, the seams can have the same
characteristics as the sheet itself. This is one of the assets of CPE that
distinguishes it from some of the other sheet membranes.

PVC is a well-known plastic. As a raw material, it is hard
and brittle. As a sheet material, it is flexible, strong, and resists tears
"and punctures. It is also resistant to ultraviolet degration and soil
chemicals. A drawback of PVC sheets is that shrizokage can occur. They can

"~." also become brittle as plasticizers leach out of the material over time.
"*-... Some products have additives that slow this process.
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(2) Capability to Withstand Movement and Cracking. Basically,

vulcanized and plastic sheet membranes have excellent properties for
bridging any cracks that occur in the structure. They are flexible under a
wide range of conditions and have great tensile and sheet strength. Their
capability to bridge cracks is affected by the manner in which the membrane _

is bonded to the structure. Total bonding of the membrane reduces the 4
"A flexibility of the material over cracks and concentrates the stresses in the

small portion of membrane lying directly over the crack. A loosely laid or
partially bonded membrane allows for this stress to be dissipated over a
greater area, thus reducing the strain on the material. At points where
movement is expected, such as at an expansion joint, it is desirable to
leave some extra material to take up any stress that occurs. ..

(3) Capability to Minimize Leaks and Facilitate Repair. A
vulcanized or plastic membrane has no capability to reseal itself once

punctured. Membranes can be repaired from the outside of the structure with
patches that are bonded in the same manner as seams with cold-applied
cements. The major drawback of sheet membranes when loose laid is the
"difficulty of locating leaks, because water can travel behind the membrane
and enter the structure at a point remote from the original source. This is
one of the main reasons why membranes are bonded to the structure..
Completely adhered sheets can localize leaks, but, this techniique is costly
"and reduces the capability of the membrane to bridge cracks.' A comp=omise
solution that is often used is a partial bonding of the membrane in a
regular grid pattern so that any leaks will be localized in one section of
the grid.

"(4) Appropriate Use. Sheet membranes can be applied over both
precast and cast-in-place concrete surfaces, as well as on masonry and
wood. These large, heavy membranes are best suited to horizontal surfaces,
which canbe completely flat. No slope is required because the membranes
can hold standing water indefinitely. Although the material can easily
-•'• resist water on vertical surfaces as well, application is quite difficult

because of the tendency of the heavy sheets to stretch from ýheir own
weight, especially in the heat. A

'K
'.5 Application of a large, flat membrane over complex shapes is

difficult. Flat surfaces and simple shapes are the best applications for
sheet membranes. Minimizing projections and penetrations through the
membrane simplifies the application by reducing the number of seams,
flashings, and other field-bonded details, which are always the potential .5
weak points of the system. Of course, if projections and penetrations are W
required, they can be waterproofed by using flashing materials and specially
formed boots, corners, and other accessories.

(5) Application Considerations. The application of vulcanized or
A•-• plastic sheet membranes--particularly the seaming and bonding-is quite

exacting work and requires experienced, skilled professionals. If the
Smembrane is fectory seamed, installation requires experience because the

material is heavy and difficult to adjust. Clean, dry, smooth surfaces that
are free of oil and grease are required if the membrane is to be bonded.
"Because the membranes are tough, the surface can be somewhat irregular
without causing damage, although sharp edges and foreign objects should be
removed. The membrane materials remain flexible over a wide range of
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temperatures, but applying vulcanized membranes in extremely cold or hot
temperatures ii inadvisable. Heat can cause the membrane to expand
considerably; when placed in the cooler underground environment, it will

~. contract, causing stresses in the membrane and at the seams.

"k.. Before bonding or seaming takes place, vulcanized membrane
sheets should be laid out and allowed to relax and return to their original
size. If they are stretched during application, greater stresses will
result. One advantage of the solvents and cements used with these products
is that they are cold-applied--no hot mastic is required. (The adhesives

e.1ý can be moderately toxic.) After installation but before backfitling, the
system should be water-tested for leaks. Field inspection and water-testing
are advised to ensure watertight seams. Pinhole punctures can sometimes
occur in the manufacturing process, however. Although the materials are

~.. relatively tough, insulation, or other protective materials should be used
to protect them from punctures by sharp objects during backfilling.

(6) Relative Costs. The cost of vulcanized and plastic membranes
is higher than that of any other category of waterproofing materials. This

;" high cost is largely attributable to the cost of a very high quality durable
";i material, although skilled labor is also required. The cost can be affected

by the complexity of thc job and by the number of seams and flashings
required. The cost of labor for a membrane that is fully bonded to the
structure is significantly higher than for a loose-laid application.

g. Bentonite Clay Products. Bentonite (montmorillonite) clay is used .-.
•i in several forms to provide waterproofing on underground structures. This

highly plastic clay, which is mined in the western United States, has the
unique property of swelling from 10 to 20 times its original size when
saturated with water. As it dries, it returns to its original volume. This
process of expanding and contracting can continue indefinitely without

*' wearing out the material. The bentonite material is applied in a thin layer
confined between the structure and the soil. As the clay material comes in
contact with water, expansion of the material is restrained, resulting in a
gel- or paste-like barrier characterized by a high density and

IMpermebility.

The many types and grades of bentonite clays have different
characteristics. The major types of these products use specific 'tlays and
are available in the following forms: __-"

o Raw bentonite
"o Bentonite mixed with asphalt
"" Bentonite contained in cardboard panels
"o Bentonite mixed with binding agent in a trowel- and

spray-grade product
o Bentonite mixed with polymers for caulking joints

The materials most commonly used on underground buildings are the
spray-on and trowel-on mixtures and the cardboard panels.

(I) Durability and Stability. The fact that bentonite is inorganic
and will not deteriorate means that bentonite-based products in general are

S characterized by long-term stability and flexibility. They should not be
used in highly salinated seils, however, because salt diminishes the
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swelling action of the bentonite clay. Another concern is that, if
bentonite is allowed to dry out completely and is then saturated with water,
there will be a slight delay before the clay is activated and expands to
seal all leaks. Thus, it may not be advisable to use bentonite in a hot,
arid climate subject to sudden downpours. Although bentonite products 1
function effectively when exposed to a continuous head of water, they should
"not be exposed to running water that could cause the clay to wash off the
"surface.

Raw bentonite in its dry, granular form is often used for well
casings and for sealing the bottoms of reservoirs. Although it can be used
to waterproof buildings, this use is generally not recommended because the
bentonite does not adhere as well with other applications, its application
is difficult to control, and it will not work on vertical surfaces. It is a
mistake to mix raw bentonite with water so that it can be applied in a
paste-like form. After expanding during application, it will later dry out
and shrink to its original size, and thus allow water to leak through
because the amount of material is inadequate. Bentonite mixed with asphalt
is also unsatisfactory and is not recommended. Although this product has
been successfully applied, the asphalt tends tn coat the clay particles,
thus reducing their activity.

Aplication of bentonite contained in the voids of cardboard
panels results in a ve-ry consistent thickness of the raw material. The
panels must be very carefully handled during transport and application to
prevent damage. The biodegradable cardboard is intended to deteriorate as a
result of the bacteria in the soil. Problems can occur if the backfill soil .S
does not contain sufficient organic matter to cause this deterioration. For
Sexample, water may penetrate past the bentonite and run behind the cardboard
and along the seams between panels.

The effectiveness of the trowel-on and spray-on mixtures of
bentonite is dependent on good quality control in product formulation and
application. Trowel-on applications do not require the high level of skill
and the exacting tolerances needed for applying other waterproofing
products. Two types of spray-on products are currently available. The
first, which is similar to the trowel-on product, is applied in a paste-like
form and must be covered with polyethylene to help cure and protect it. It
is partially activated and remains in a gel-like state that can be
maintained at 50 percent relative humidity. A serious disadvantage of
certain gel formulations is their tendency to separate upon moisture
activation, causing leakage of the binder through cracks in the structurc-

* and possible further moisture leakage. The second type of spray bentoni?, e
Sis a relatively new product that dries immediately on application. -A
polyethylene cover sheet is recommended on the second type of spray to
contain the bentonite, even though it is not needed for curing.

(2) Capability to Withstand Movement and Cracks. Bentonite clay
products have excellent ability to respond to movement and cracks in the
structure that occur after installation. Because it can expand to many
times its original volume, bentonite can bridge cracks up to 1/4 inches
(6 mm) wide and fill voids created by movement, provided that these cracks
or voids do not provide a large enough path to transmit bentonite particles 7
and wash them through the crack to an interior void. Extra protection can
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ba applied to cold joints or other points where cracking is anticipated by
"-means of bentonite-based caulking or tubes of bentoite that decompose in a
manner similar to the cardboard panels.

(3) Capability to Minimize Leaks and Facilitate Repair. The same
expansion capability that allows bentonite to bridge cracks also permits it
to reseal any punctures or holes that may be present in the waterproofing.
"Another important advantage is that if any leaks should occur, they will
enter the structure near the source of the leak,'thereby making it easier to
locate. This benefit results from the full adhesion possible with the
trowel-on and spray-on products; the adhesion prevents water from traveling
away from the source of the leak, as it can when a loose-laid membrana is
used. Water can tiavel somewhat behind cardboard panels unless they are
"eubedded in a gel that is applied to the surface.

If a leak does occur and is located from the inside of the
structure, it can also be repaired from the inside by injecting bentonite
through a small hole in the area of the leak. This type of repair has
"considerable cost advantages over having to excavate in order to locate and
repair a leak from the outside. One drawback of bentonite is that, if
waterproofing problems occur, options for future repair or replacement by
other products may be limited because the bentonite is difficult and messy
to remove.

(4) Appropriate Use. Generally, bentonite products, particularly
in the spray-on and trowel-on forms, are quite versatile in comparison with

'. most other waterproofing systems. They can be applied to virtually all
types of surfaces, including poured or precast concrete, masonry, and wood
(provided that it is pressure-treated). Both vertical and horizontal
surfaces can be waterproofed with these products; there are no special
requirements for a sloping surface or fast-draining soil. As mentioned
"above, these bentonite-clay products can perform effectively against a
constant head of water. Trowel-on and spray-on systems are well suited to
complex gecmetries. Bentonite can be applied to curving forms, complexmm
penetrations, and on very rough, irregular surfaces such as stone, blocks,
or corrugated metal.

The cardboard panels containing bentonite have more
limitations than do the spray-on and trowel-on products. They are not -

recommended for use on block walls unless they are first covered with a
ccment plaster coat. Generally, there is more concern over their
effectiveness on horizontal (as opposed to vertical) surfaces.

Problems with the cardboard not deteriorating as expected seem"."

t occur more often or, horizontal surfaces. If the panels are used on
horizontal surfaces, a slop i e cardboard nin large, flat panelsee

are not well suited for situations involving complex geometries, curving
forms, irregular surfaces, or numerous penetrations.

(5) Application Considerat.ons. Application of each type of
bentonite product requires a different level of skill and experience. The

N troi;el-on product can be applied by relatively unskilled labor. The
-.... cardboard panels require a moderate level of skill and experience in order

to avoid pitfalls. The spray-on application requires an experienced
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applicator who has invested in the proper equipment for this application.
Because bentonite is relatively new as a waterproofing product, the number
of qualified applicators is limited.

Very little surface preparation is required for the spray-on
and trowel-on products. Rough, irregular, surfaces such as those of spalled L-.
or honeycombed concrete are acceptable. The cardboard panels require a .A
smoother surface unless they are applied with a gel. One of the major
advantages of bentonite products is that they can be applied in virtually
any temperature and humidity. In addition, they are nontoxic.

A critical 2lement in the successful application of the -
trowel-on and spray-on products is that an even thickness of material must
be achieved. For the spray-on product, a 3/16 to 3/8 inch (4.76 to 9.53 mm)
thickness is acceptable, depending on which syitem is used. The trowel-on
product requires a thickness of 3/16 inch (4.76 mm), with greater
thicknesses at corners and construction joints. The thickness of product
remaining after evaporation of solvents and binders should be sought from
the manufacturer and tested before full application. The application of
these products can be interrupted without leaving any seams or joints that
could weaken the material. Because bentonite should not be sprayed over 8
feet (2438 mm) high without using scaffolding, it may be necessary to
backfill before spraying higher; thus, application of spray-on waterproofing
products may require more than one stage. In the second stage of the
application process, it is important not to leave spillage of bentonite on
top of the first layer of backfill. This would interfere with the .

J"- E free-draining of the soil.

Polyethylene and insulation are usually placed over spray-on
or trowel-on bentonite. Because the bentonite will reseal around any
punctures, nails can be used to hold insulation in place. One of the most
important application concerns is to prevent the bentonite from getting wet
before backfill takes place. Thus, backfilling must be scheduled as soon as
possible after the material has been applied and has had time to cure.
Curing time for both the trowel-on product and the most common type of
spray-on product ranges from 4 to 30 hours depending on temperature and
humidity conditions. The polyethylene keeps the material from completely
drying out during the curing process. The material is too soft to walk on
without damaging it before it is cured; however, a newer type of spray-on

- product dries immediately and can be walked on or backfilled immediately.
Backfilling can also be done immediately when cardboard panels filled with
bentonite are used. T

During the backfilling process, it is important to protect the -. >

bentonite from damage. One concern with bentonite applications is that
settling of the earth can drag the insulation down the wall and scrape the
waterproofing layer off. Because nails can exacerbate this problem they are
not recommended unless absolutely necessary. Although the polyethylene
helps reduce friction from settling, it is most important that the backfill
be compacted to minimize settling.

(6) Relative Costs. The cost of the bentonite products is low to
#1 moderate in comparison with the other general types of waterproofing

systems. One of the key factors influencing costs with the spray-on product "

is simply the availability of a qualified applicator.
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3. WATERPROOFING SELECTION PROCEDURE. The flow charts below (Figures 20
through 26) summarize the criteria in this section as well as the sections
dealing with drainage, structural design and roof or wall details. The flow

, charts are not intended to be fully self-explanatory or exhaustive in its
i coverage of all considerations. It is provided to give a framework and

process to the selection of a waterproofing system for known building and -
construction parameters.
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Section 14. INSULATION

II LI

FIGURE 27 FIGURE 28
Heat Flow from Buried Structure Heat Flow from Buried Structure

in Winter in Suimmer

1.* EFFECT OF INSULATION ON THERMAL PERFORMANCE. j.*J4

*• %. * .

a. Reduction of Heat Flow. Figure 27 schematically illustrates the
heat flow through the ground from an uninsulated buried structure for nearly
steady-state mid-winter conditions. The solid lines indicate the direction
of heat flow. It can be observed that the highest heat flux is experienced
through the roof and the upper portions of the walls. Introducing
insulation into this picture will modify both the direction and the
magnitude of the heat flux. Clearly, the portions of the building ashell
nearest the surface require the most insulation. . -owever, before non-uniform

, *. - p .

insulation strategies are chosen, particular care must be taken to ensure
that thermal short circuits around or through the insulation-via relatively
high conductivity paths in the walls or soil--are eliminated.

Figure 28 schematically illustrates a hypothetical heat flow
pattern for sumer conditions. Ia this case, the ground surface is warmer
than the temperature within the building and heat will flow into thepr e...,'
building through the roof and out of the building to the cooler ground at.'
greater depths. Insulating the roof under these conditions would reduce
unwanted heat flow into the building but insulating the lower portions oftd s
the structure would retard desirable heat flow out of the structure. n i" "T'

b. ThermlStablity. Placement of insulation outside a high-mass,
earth-she trate ding structure, such as concrete, will enhance the
thermal stability of the building since the mass inside the insulation
envelope will be available to moderate room air temperature swings (for ".
example, those due to passive solar gain).
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ý:'h-:;hoelte!rcd structures have a strong capacity to maintain very
-v':t i,-: :'rltilr,.s despite high levels of passive solar gain in the winter.

.- ere, when all sources of heat are removed from the building, the air
•:v'rture will fall slowly because of the heat storeA in the walls and

ih areumi the building. Even temperatures result from the typical use of ,_'___-_
)--ivy v.iterials for the structure. These can absorb heat during the day and

1.•l'.' the heit at night--but daily temperature fluctuations are not
'niliticantly affected by the earth outside the struztural mass. Hence,
,r ior rinsulation which isolates the structural mass of the building from

Intorior ,n-vironment will increase the magnitude of daily temperature
flutuations•, whereas exterior insulation will not.

2. A".MOUNT OF INSULATION.

a. CIi -nate. Insulation schemes for northern climates will not be
,opriate or cost effective for cooling-dominated climates. Since a

pr 1"iJrv benefit of insulation is in reducing winter heat losses, insulation
rookuirements can be reduce: or possibly eliminated in areas where winters
; l..oss severe. Cooling %.onditions ara usually enhanced by using no - ,
in";ýuiation on the surfaces in contact with cooler ground. Hence, a balance
:-iqt be struck b2twen the heating and cooling needs for a particular area.

Although insulation requirements must be evaluated on an individual
basis, Table 3 ;niky be used as a general guide to cost-effective
sipplcimeatary irsulation values for different _reas of the country for small
('nvolope-dominated buildings. (No detailed cost-benefit analyses have been
carried out to determine more precise figures.) Large buildings with high
intern-l heat gains may not require theselevels of insulation even in cold

clhi, ate<. but before reduci.ng insulation levels a useful purpose should be
souglt for the excess heat.

W. ru cooling is the dominant concern, thermal performance is
enhinced thi most by eliminating insulation where appropriate rather than
reducing irsulition levels.

b. inttrnal Heat. Large-scale buildings--office buildings as well as
thou' involving prccess heat--usually have a year-round cooling requirement
in interior zones of the building. The amount of insulation to use in such
a building must be considered in conjuction with (1) the amount of energy
ur.,l for cooling it, (2) the HVAC zoning plan for the building (that is,
ext.elior cones cannot be too cold), (3) the possible use of excess energy in
other building-s,, and (4) the probable future reduction of energy release _______

4itiin the building.

C. Cround Moistare. The thermal conductivity of most soils can
i. °i~c r-'o,•,-;roatly as soil conditions change from dry t6 very moist. Although
the heat io,;s will undoubtedly increase when the ground adjacent to a -",?4.
b)uIlIdin,, is wot, the effect on the building may be reduced by the following

c on i .t j c.m

(1) Conductivity Versus Heat Flow Path Length. As the ground
th,,;:ral cotnuctivity increases, the zone of warmed earth around the building
will sprea,! further out. For deep-ground heat loss, this will mean a higher
coliluctivity bat a longer heat flow path thus reducing the impact of the ____....

increased conductivity on actual steady-state heat loss.
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TABLE 3
Suggested Resistances for Insulation

Climatic Region Suggested Range of Supplemental Insulationi -

Heating Degree Cooling Degree Roofs and Lower WG11 3  hemote Floor JO.."
Days, Base 65 0F Days, Bose 650 F Upper Wall 2  Areos 4  ,

8,000 - 11,000 0-'500 R20 - R40 RS - t20 none-R5
5,000 -8,000 500- 1,500 R20-R30 R3-R10 none-RS
2,000 -5,000 1,500 - 2,500 RIO - R20 none - R5 none

less than 2,000 more than 2,000 RIO - R20 none

IA 2 ..

Footnotes: -

This table should only be used as a general guide for envelope-dominated buildings.

I. Section 14 discusses distribution of insulation and exceptions to the norms presented in the table.
Values are expressed as thermal resistance in ft 2 h OF/Btu.

2. Earth covered roofs with 12 inches to 30 inches (300 mm - 760 mm) of cover and walls within 8 feet
(2440 mm) of the ground surface. In cooling-dominoted regions, upper wall insulation will depend on *-* "-
adjacent ground temperatures.

3. Earth-covered wall surfaces further than 8 feet (2440 mm) from the ground surface.

4. Floor areas more than 10 feet (3050 mm) from the ground surface which are not used as a solar storage , -
oreasor for heat distribution. %rI -

I Btu/h ft2 OF = 5.6783 W/m2K'

(2) Portions of the structure close to the ground surface will
usually have substantial insulation in addition to the ground cover. In
this 'case, the earth provides only a small component of the overall steady 0%. -4

state R-value but functions primarily as a thermal mass and temperature *'• "
moderator. The thermal diffusivity of the soil (a combination of specific ..-.. J

heat and conductivity which measures the speed at which heat will propagate t. .. 'I

through the material) is not as greatly affected by an increase in moisture
conten

Seasonal changes in ground moisture content can provide an energy
advant ge in some climates. In northern climates, ground freezing and ,.,* .,.

winter~snow cover combined with heat loss from a building will tend to dry
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0"t t110 63101ial scet to t he bu illdinog, lowering the heat loss. In surmmer,
w ;o tthe gtomi~n uurt ace in open to percolation and s~ubject to higher

tA 4if.% I, an ivi'tcrvait in rr.tuinAdu i %tutre content will promote summ~er
c o 1i nit. Othvr climAtes, lor exAmple, where heaviest rainfalls occu~r In
winitpr o-.l liry conndttions ex ist in the summer, may reverse this situation.

voty m-ia" t xroiintf or ttia grotind-water table is adjacent to a building
in' the hooting %,-aaon, consideration should be given to increasing
i~iolatmio luv,-1% 'n thoqe- areas of the building affected (bearing in mind
theo Isa (if rooling capacity in the summer this will cause). Flowing
KTrNktltid-wotpr adJacent to an underground structure should be given particular
at tont ion.

d. Fat. of AAdding ln.Al,ltion. After analyzing the basic insulation
I "t itroment of the xLrkictute tor cold climates, it may be worthwhile in
regions with severe winters to consider adding extra insulation. When the
ainsult ion. is added outside the structure, there is no structural limit to

th. amoiint of insuilation that can he added. Because there should be only a
01mal41 increaste in the labor cost of placing additional insulation, higher
insulation levols may b~e more cost effective despite the diminishing
rate-of-return on higher insulation levels.

3. DISTRIBUTION OF INSULATION AROUND THE BUILDING ENVELorE.

a. Optimfum Distribution for Minimizing Heat Loss. To minimize total
heat loss from" a structure undter steady-stalte heat los conditions,
insulation should be distributed so that the rate of heat loss through all
areas of the structure is the same. The lowest heat loss from an
unintul.-od structure (in a uniform material in mid-winter) occurs at the *

center of tho buried floor of the structure. The highest heat loss occurs
at the upper portiona of the building. Consequently, insulation should be ~ -

added to the upper portions of the building so that heat flow from all
surfaces is approximately equal.

The resulting optimsum insulation pattern would be similar to the
silid line in Figure 29. The optimum insulation pattern is also affected by -

each corner of the structure because an area of wall near or at the corner
has a larger zone, of ground adjacent to it through which to lose heat. The
same. situation will also occur as a three-dimensional effect at the ends of
the building--an effect that creates an inherent inaccuracy in any
two-dimensional heot loss 'model. It is reasonable to assume such a .

steady-state heat flaw pattern in a cold climate in mid-winter but not under ... .

more variable or warmer conditions. In addition, stopping insulation
abruptly will radically alter heat flow paths in both the wall and the
*oil. This can be seen in figure 30 (based on Referenc 8, Effect on. ..

Inautlat inn Pla.emewnt, by Hepixel). Hence, the insulation p tterninTirigure
Mid-eused as an aid to understanding rather than a fixed requirement.

Line 'R' in Figure 29 represent-s a guide to the relative placement Lg~

of insulation around an underground sti cture to minimize the total heat
lotse per unit of insulation. Theqe guiulelines do not determine the amount
of insulation to be used, but only the .-.uggested distribution. Lower levels
of ln',jlat ion wouild be optimized by subtracting a constant thickness of
insulation arotind the structure from the previous distribution (line 'A).
Higher levels would be optimized by adding a constant thickness of
insuilation (lino 'C'). .
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(a) Pattern for lower level ol insulation
Cb) Optinial insulation function
Wc Pattern for hiofier level of Insulation- -

Insulation tt'ickness not to scale

FIGURE 29
Op t inum Insulation Pattern for a Buried Structure

(Heating Conditions Only)

o~~~ ] II 1.

-\ 11 1t

I Stu/h ft'- 3.1646 Botto(3) of Inchs (00mm etofruddplytrw7nuaio oto ffotn

SmltdBlwGaeHeat Flx Buxhf 2

(ecus th Incheuou d st(i00tionii estrude iotrne Fingureo hal wan~noutside
1dee Bto exatl -whe54 using (3gi snhest of0 ins xtuddolastyrene Inuatpoatoiocoafotn

isltohabencniee.SeFigure 30 fo-neape

Tehue thodiensionailosedstibtion shown inouh h Fuigur 29 e anotbeW'

illustrate all the high heat loss areas that should receive thicker
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Around root
lp4 ,,?tratlons
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Insu latio n thick n ess n o t to sc ~lle " * ' . - "•

FIGURE 31 FIGURE 32 : .;..•:
Optinuiti Insulation Placement AreAs Requiring Extra Insulation ¢.' ".-a

(Heating Condit ions Only',''::

insulation. Figure 32 indicates other surface areas of an underground ;-.,.-.
structure requiring extra insulatioc because they are also close to the .•''-•• •~~. a -'" ":grcund surface--for example, walls close to exterior retaining walll and '.,. i
sections of floors close to a walkout level. ....

b. Optiimum Distribution For MAximizing Cooling. When cooling '"-'
requirements are the most important, it is desirable to maximize the heat * .•"'•..
flow into the ground to aid in cooling the interior of the structure. When ":;.
the ground temperature is below 78"F (26•C), insulation wilt• only retard
heat flovt out of the structjir" and hence will detract from the maxitmum ,*.-.'.- .
cooling effect.• Eliminating insulation will also slightly lower the :'"•..-•,
interior surface temperature of walls in contact with the ground. This can
increase human comfort by the radiation of heat from the body to t"cole
wall surfaces. 'In very hot climates,. (where the roof and the upper iwall"%.'-t
surface may be warmer than 78°F (26°C)), insulation of those areas will help .,.,,+
retard additional heat flow into the structure. I ,-:-••

c. Compromises. When designing for both heating and cooling i• •,
requirements, some sacrifices in '.ptimum insulation placement for each••
condition will be necessary. The obvious compromise in climate, with :::::•-:
balanced heating and cooling requirements is to reduce or leave off the "''''''_.•
insulation in those areas where the heat loss in winter is smallest--for """- '
example, floor areas remote from the ground surface and the lower areas of _,:'•-:
walls more than 7 to 10 feet (about 2 to 3 m) from the ground surface. P,,

Climates with severe winters and little cooling requirement can be ".,-". '"
optimized fcr the winter condition. Predominantly overheated climates will •..-•
only require insulation for portions of the structure which will be in <.--;
contact with ground temperatures above 78°F (26"C). v.'-,

• • 'a..'..'

• .. - a-. . , .a% . _ -- • , - .*,*1-- .. ,

R%~* . ~- . ~ 2
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d. Insulation as a Protection Board for the Waterproofing. When
applied to the outside of the structure, waterproofing usually requires
protection from damage during backfilling. Although from a thermal point of
view it might be most economical to stop off the insulation completely
partway down the wall, a more effective overall compromise (for one- and.
Lwo-story structures) may be obtained by carrying a small thickness of "
insulation down to the footing to serve as the protection board. The
exception to this procedure would be in cooling-dominated climates where I
insulation is actually detrimental to annual performance. Under these
conditions, a protection board with'high conduction properties should be
used.

e. Passive Solar Gain Areas. When a floor is being used for direct
passive solar gain, insulation can be placed below the slab to maintain a
higher slab temperature and thus improve re-radiation (see reference 7).

f. Insulation as a Drotection Against Cold Floors and Condensation. It
is desirable in earth-sheltered structures to reduce the sensation of cold

floors and walls during the heating season. Insulation outside the
structure does not significantly raise the surface temperature inside the
structure. The main reason for the common perception of cold floors is that -.

materials such as concrete or tile can rapidly conduct the heat away from a
hand or foot, whereas a wood flooring or carpet locally insulates the part -%%

of the body in contact with it. Thus, the sensation of warmer floors or 4
walls is best obtained by using appropriate interior finishes rather than by

exterior insulation. After the building has been in operation f-- a few .
months, the interior surface temperature will be primarily controlled by the
interior air temperature adjacent to the surface, tcgether with any
radiation falling on the surface. In the case of no radiation, an
uninsulated floor or wall remote from the ground surface will usually have a
surface temperature within 4*F (2C) of a relatively stable air
temperature. A small amount of insulation outside the wall will probably
not raise the surface temperature by more than 1F (0.5C).

Much the same argument applies to the prevention of condensation.

Interior surface temperatures (except passive solar areas) will probably be
raised only 1F (0.5C) or less by adding exterior insulation. Compared
with the uninsulated wall, this added insulation will only eliminate
condensation problems when the dewpoint lies in the 1IF (0.5°C) range
between the two potential surface t tmperatures. This small. improvement is
not enough to guarantee a greatly superior performance to the insulated
case. If condensation is a real problem in a particular climate, a small -•
amount of interior insulation or a vaporbarrier on the warm side of an air
gap will ensure that the surface on which condensation could occur will be :"",.-
essentially at the interior air temperature. Otherwise, provisions for
occasional dehumidification can be made.

Abruptly stopping insulation can cause worse condensation problems

than if the wall were not insulated at all. The insulation keeps the ground
temperatures outside it cool--an effect that spills around the edges of the
insulation, causing the section of wall immediately adjacent to the - -

insulation to be cooler than the insulated qection and the rest of the
uninsulated section (see Reference 9, Heat Loss Through Basement Walls and ..-

Floors, by Houghten).
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IFIGURLE 33 IUE3
Thermal Break Locations lnp'ilation Within Soil Mass and

Detached from Buiiding

g. Inwouht ion fer Thermnal Bfrooks. Neglecting thermal break@ can cause
siagniicaint host loss itt an oti-f7 Tse9 wi-insutated buildin3 envelope. A *

thermal 1,reak refers to the insertion of insulat ion in parts of the building
where a high conductivity material is in contact with both the inside air
and the nutsidis c,:'1itions. Although these sections usually have a
relatively small area, they can begin to dominate the hest loss as the
overall insulation of the building is improved.

Thermal breaks can be provided by inserting small thickntess.a of
insulatior at appropriate points within the structure or tby wrapping the
exposed structural element with insulation. An example of thermal bieak
lo'--stions is shown in figure 31.

4. LO)CATION OF INSUtATION. It is recommended that instilation be placed
only on the outside of the striirrurs, and tho waterproofing onvielopp. Thin
insulation must be extruded polystyronv ,t meet thts req-tirs-wonta of 4
paragraph 5 below.

Insotlation may alp* be placed within the soil mAss as shown in F i gujr
34. The advantage of this location is that it ficrossoo the cooling Sensefitr
if the soil temperature to lower than the in~ior temperature. IfowePve r,*
winter heot loss for tVe loret ion r~an be up to t~wic. as, dgjh as for an
*quivalsiit amount of insulation play.ed directly on the wall. This location h
should, therefore. ". conslidoi-d only in climatos with cool soil
temperatures and for enterior etarth-cont act son Ms which have d.omit.ant
cooling requirements. Fackf 1111mg will also 68a mary difficult with this
arrange~mont. When cooling is not the major consideration, placement
directly adjacent t-i the structurc should be the mooat practical solution.%

j %.



TABLE 4
Influence of Moisture Boundary Conditions on the 100-Day

Moisture Gain of Various Insulations

100 day moisture ga~n (percent of dry weight)

Condition A Condition B

F ib-f bourd, I inch (215 mm) 5.5 140.0
Pt-r Iif t !iý rd, I inch (25 mm) 2.0 91.0
Ccllulor glass, I inrwh (25 mm) 0.7 11.0

cxprwn-Jc' ber-d poly'tyrene, I inch (25 mm) 0.2 1000.0 ~~.
EAtrdO~d polystyr--.s-, i inch (25 mmn) 2.5 5.5
Urrtho~rc with n.-phlyfic skins, I inch (25 mm) 4.0 160.0
Comporsite of I inch (25 mmr) urethane with

c-pholtic skins and 3/4 inch (15 mm)
rnrlite boord below 45.0 340.0

t'okture Boundary Corditions

Vapor pressure difference

Cold side Dew point on across sample
Cr~tir, n'~V ~aIwarm side (in Hg)

A No No (70% RH- there) 0.6"

B3 No Yes 1.03 *

I. TI-,- relatively low vapor permeability of the skins causes the dew point to occur within the sample. .. ,

I:L;.ULATICN TYPE. A few reer~ eorts (see Reference 10, Laboratory
*,.i'! '7iol(1 Tinvonti7,ntions of Moisture Absorption, by Dechow and Reference 11, ..... ~

* i t'r~G.Ain rlmd its The-rriai Con-sequences for Cannon Roof Insulation, by
T)'fubi.s3on) cormparPr L1e performance of the major types of exterior insulation
un,! vartious moisture exposure conditions. When used without waterproofing

or it vnpor-rctardant facing, extruded polystyrene clearly outperforms .

p~ddpolystyrene (beadboard) and extruded pol.yurethane in reducing
m-oisture absorption and recention of its insulacing capabilities. Table 4
s.iow-s tho absorption of moisture by various irsulation products under
(Iiffcrim-, moisture boundary conditions.
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Of th. insulation types shown on Table 4, only two have an acceptable
resistance to. moisture absorption. These are cellular glass and extruded
polystyrene.

All below-grade insulation must meet the moisture absorptiorn resistance
of ches* two products as measured under condition 'B' in Table 4. A'

Inaulation which is used above grade or on the interior of a building
must meet the fire requirements of NAVFAC DM-8 and DOD 4270.IM.

"6. INSTALLATION.

a. Yethod of Adhering Insulation. The method of fixing the insulation
to the wall or waterproofing membrane should not cause damage to the
membrane if settlement of the backfill adjacent to the building occurs and
causos drag forces. To help avoid these problems, the backfill should be
well compacted in several layers. Refer to NAVFAC DM-7 Series for soil
compaction criteria.

b. Backfilling. Backfilling procedures on the roof of the structure
over the insulation should not involve pushing earth into place, as this can "?V%•
shift that intsulation and create uninsulated gaps. garth or gravel should
be tipped just ahead of the previously covered portion and the new material
leveled-off in place.

c. Prior to Backfilling. A layer of polyethylene outside the
insulation can prevent dirt from being worked between the insulation boards ..
during backfilling and can help the insulation remain dry. The polyethylene ,.

should be laid loosely at the edges of the building to allow drainage if any
water should penetrate the sheet (see subparagraph above).

d. Thermal Short Circuits. Care must be taken to avoid thermal short-
circuit effects in transitions from above- to below-grade insulation
methods. Refer to Section 15, Roof and Wall Details, for examples of
thermal breaks.

jp.
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Section 15. ROOF AND WALL DETAILS

I Masonry pavers with cemsnt /sand Joints (slope to drain)

"-, Joint sealer and exoanslon material , .

0 Bituminou setting bed

l .o. o oPea gravel

o o Perforated collar

0 Protection board over polyethylene sheet '0

* i Stainiess 8tO~M esh

Extruded polystyrene Insuiation (2 layers staggered) .. ~ ~p.,. . . :

Membrane waterproofing (adhered to concrete)

- Centerline of two-lefel drain

"Structural ccrcrete dock (slope to drain)

FIGURE 35
Drain at Brick-Paved Roof--Bituminous Setting Bed

1. GENERAL. An necessary, each detail in this section will be discussed in
terms of cost effectiveness, energy efficiency, constructability, quality
control, resistance to failure or deterioration, repairability, maintenance
implications, fi!ire resistance, and warranties. All details must be
evaluated for (I) suitability to climate and (2) suitability to the type of .
functions to be housed. Freeze-thaw, which is an important consideration in
northern climates, is an example of the former. Live loads, vapor
transmission and interior finishes are examples of the latter. As
necessary, the discussion of the recommended details will include climatic
and functional suitability.

2. RECOMMENDED DETA'VLS. The details are presented in the following order:
(1) roof construction (including control joints and expansion joints), (2)
edge conditions for roofs (including enonditions at abutting walls), (3) wall .
construction at grade level, (4) wall construction at retaining walls, and
(5) wall/floor construction at footing3. All of the details involve
waterproofing and wvst of the details involve insulation. The installation
methods for different kinds of waterproofing and insulation are discussed in
sections 13 and 14. :..:., ...

a. Area Drain at Paved Roof--Pedestrain Traffic--Minimal Freeze-Thaw
Cycles. Refer to Figure 35. The intent of this detail is to provide an
economical plaza surface o2 brick pavers with a minimum total depti between
the high point of the paving and the bottom of the structure.

This detail applies to all concrete deck systems. Howcver, a
separate concrete topping above the structural deck should be avoided since
this may allow horizontal water migration in the event of a leak. This
would make locating the actual source more difficult. The concrete surface
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must have a positive slope to the internal drains or the roof vdges. The .

slopc should not be less than one percent. A Itreater stope is recom'wnded
in trp vicinity of the drain so that any water backing up from the drain
(becau.e of partial freeze-up or clogging combined with a heavy rain) will
vat extend too far back from the drain.

"1he waterproofing should be adhered to the concrete deck. The
finished surface of the cincrete muest be acceptable for this. (The finish
required will depend ot, the waterproofing.) The waterproofing is terminated
in a clamp ring at the drain (some manufacturers may call for an extra ply
at this critical area). The insulation, in this case, serves as the
protection board for the waterproofing.

"The drain must be accessible for cleanout. The drain shown is an
all-level drain with a perforated collar and removable drain cover. A
stainless steel mesh is placed around the lower portion of the drain to - -

prevent adjacent construct ion material frc.m washing into the drain. Washout
of material, is just as critical to the stabilitl of the paving construction so..
as it is to the clogging of the drain. Thi drain should hav a removable ::..
internal strainer or filter.

In climates having frequent freeze-thaw cycles, it is aeisable to
cut back the insulation thickness around the drain so that heat from the
space below can prevent ice from forming inside the drain. The insulation •r-
must not absorb water. However, in order to preserve the therl.al value of
the insulation, a layer of polyethylene sheet can be placed over the N.

1 insulatioa. Most of the water entering the paving constru'ition will then be ." '•

channeled away above the insulation. The effectiveness of this depends an
the proper direction of o,,erlap for the polyethylene sheet, sealing of the

edges of the polyethylene, the slope of roof, and the effectiveness of the
drainage course. The insulation should be placed in two layers with joints
staggered. .

The protection boards serve to protect the polyethylene sheet,
should it be used. The protection board as well as the polyethylene sheet
are optional. In ter~as of maintenance and potential future damage,
especially where the roof cover is soil, the protection board is an added .

precaution for stakes r-A other objects that may be driven into the roof
cover.

the gravel layer saCrves three purposes; first, to provide a primary

drainage layer for water (edpecially if the polyethylene sheet is installed
below it); secondly, to provide a base for the bituminous; and, thirdly, to
provide protection to the insulation from the hot: bituminous. The grivel
layer may be omittee if the fo'lowing is done: (1) the thicknese of rth.
bituminCLs is increased--use a I-inch (25-mm) sand asphalt leveling bad over
a 2-1/2-inch (63.3-ess) bituminous hot-mix underlaymert, and (2) an asphalt
protection board is placed over the insulation.

The 1rick pavers are set in the bituminous immediately after 'I.

"leveling, while the bituminous is still hot. Alternatively, the bituminous
may be rolled and covered with a 1/4-inch (6.3ý-mm) necpren. setting bed.
the main advantage of bituminous over concrete in this case is tte economy . /
of construction and the reduction of crscking in the brick pavers. A

1.4-96 ~/ * /



Masonry pavers on "and bed with sand joints

/---Stone or precast drain cover

Stainless steel frame with spacers

0 0 0 0 ,, •' - -

Perforated collar

Protection board over polyethylene sheet

Stainlessastee mesh

Extruded polystyrene ksiallon (2 layers staggered- .-,

"ottom layer to form drainage channels) .. : 4.
S'__ Membrane waterproofing (adhered to concrete)

FIGURE 36
Drain at BriAk-Pavwd Roof-Sand Setting Bed

concrete base with pavers grouted in place would also create a thicker roof
section (if the drainage course were also required) resulting in a higher
dead load on the structure (however, paving equipment will be required for '. •
the bituminous), and would require control joints aligned with the control
joints in the pavers. The disadvantage of bituminous is that it has less
strength to resist stresses from frost and thermal movement. In extremely
warm condicions, the bituminous will tend to soften and will not support
heavy concentrated loads. Consequently, this detail is suited to pedestrian
traffic and light maintenance vehi!cles only.

The paving should be sloped to the drains (1 percent slope miaimum)
in order to drain as much of the i4ater as possible before it soaks into the
paving construction. The joint atl the drain should allow for lateral
movement of the pavers (use expansion material) and should be caulked. If
bituminous is used as a base, the payers should be at least 2 inches (50 mm)
thick. The joints are filled with a cement-sand dry mix. The pavers may be
as thin as 3/4 inch (19 mm) if concrete is used with a 1/4-inch (6.35-mm)
minimum mortar bed. In this case, the joints in the pavers should be .

mortared.,

b. Drain at Paved Roof--Frequent Freeze-Thaw Cycles--Pedestrian
Traffic. Refer to Figure 36. This detail serves the same function as the %
previous detail, the major difference being that is is better suited to
harsh northern climates. The major disadvantages of this type of
construction are that (1) it is less capable of supporting traffic than the
previous detail, (2) snow removal by light equipment may cause more damage
because the bricks are not adhered or grouted, (3) the slope of the concrete % %
slab becomes more critical since more water will reach the
membrane/insulation layer, and (4) the joints are a potential place for "
weeds to grow (however, this can be remedied by chemical spraying-an
additional maintenance consideration). The major advantages over the IN
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previous detail are (1) tolerance to freeze-thaw cycles and (2) economy of
construction.

The payers may be sloped to the drain--however, only a slight slope
(1 percent maximum) should be used to prevent eroding the sand in thej joints, especially in the vicinity of the drain. The stainless steel frame
at the drain serves to hold back the sand cushion as well as the adjacent
payers.

% A filter fabric must be installed between the sand cushion and the
drainage layer to prevent the washout of sand into the drainage layer. The
drainage layer will carry more water than the~ one in the previous detail.
Consequently, in this case, the polyethylene sheet above the insulation
becomes more useful.

Criteria for the other components of this detail are the same as
for the previous detail. The remaining cotmmentary for this detail willIdiscuss the locaticn of the drainage layer. The main purpose of the
drainage layer is to prevent or reduce freeze-thaw action in the paving and
to reduce the amount of water in the paving. The gravel in this location
also serves to hold down the insulation during construction. Consider what ..

would happen if the insulation were located above the gravel drainage
layer. First, the thermal mass above the insulation will be decreased and,
simultaneously, the interior warmer temperature gradient will be brought
closer to the surface. In a cold climate, the warmer substrate will cause
thawing. to occur to a greater depth. The freeze-thaw cycles in the paving
will be increased by a decrease in the thermal mass. If snow is left on the ."~K
paving to thaw, the paving will become saturated with melt-water. Removal
of this water is improved by eliminating as much capillary rise as
possible. The gravel provides a capillary break. Free flow of water will
t., 'Ie place in the lower portion of the gravel layer and in the insulation
1-yer in the joints between the insulation and under the insulation. The .

thickness of the gravel drainage layer can be reduced if the flow in the
insulation is improved. This can be done by cutting drainage channels in
the underside of the insulation. This should be done by the supplier beforej the insulation is delivered to the job site.

If heat loss is a concern due to the water in the insulation layer, .

polyethylene sheet can be placed over the insulation. The edges should be
overlapped and sealed. Further, if puncturing of the polyethylene is a
concern, a thin layer of dimensionally stable protection board can be placedI over the insulation. The polyethylene will restrict most of the water flow
to the gravel layer and will decrease the rate of drainage within the
insulation so that the water does not remove as much heat on its way to the
drains.%

c. Area Drain at Concrete Paved Roof--Light Vehicular Traffic. Refer
to Figure 37. In this condition, the drainage layer is omitted. The amount
of water reaching the level of the waterproofing is small (this water will
tend to collect at the membrane waterproofing and drain between the joints
in the insulation). The concrete (which is reinforced) is divided ie~to
panels to allow for expansion and contraction and to minimize freeze thaw
action. The joints are formed with expansion material and sealed. (The '*

sealant is necessary to reduce water penetration.)
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Concrete anchor

Joint Filler

Stainless steel mesh

Extruded Polystyrene insulation (2 layers staaiiured) l:l

-Membrane waterproofing (adweed to concrete) w-.

Structural concrete deck (slope to draWn

FIGURE 37:V I
Drain at Concrete-Paved Roof

Stone or precast pavers with open joints

/ , / ~Adjustable pedestal

Protection board over polyethylene sheet

Extruded polystyrene inmilation (2 layers staggered)

* . ~~Membrane waterproofing (adhered to concrete) ".,~

Centerline of drain

Structural concrete deck (slope to drain) .V *

FIGURE 38
Drain at Paved Roof-on Pedestals

Both the paving and concrete deck imust slope to the drain. The
slope of the concrete deck, however, should be increased adjacent to the
drain to help evacuate back-up water that has entered from the top n'f the Z
drain. The drain itself must withstand lateral stresses and must have a*
removable drain cover for cleanout and inspection. A removable internal
strainer or filter is also necessary.

d. Drain at Paved Roof-Fresuent Freeze-Thaw Cycles-Pedestrian
Traffic. Refer to Figure 38. This type of construction solve& the b
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- Bentonite waterproofing with polyethylene sheet over

FIGURE 39
Drain at Earth-Covered Roof

-freeze-thaw problem by setting the pavers on pedestals. The pedestal shown
is a manufactured product and is adjustable over a range of heights.
However, other pedestals such as concrete blocks or concrete may be used
(consult a local contractor on the relavive material/labor cost). The
pavers are typically 2 to 4 feet in width (about 600 mm to 1200 mm). The

size affects labor costs as well as the thickness required for thL paver).
The weight of the pavers should be sufficient to counter ouoyancy of the
insulation in the event that the roof becomes flooded. Normally, the
thickness of the insulation will be considerably less than the thickness
that would be required to produce buoyancy problems.

The insulation must tolerate water without losing its thermal
repistance. Cellular glas, or extruded polystyrene (staggered in two
layers) is recommended for this. If extruded polystyrene is used, the
insulation must be covered with a durable protection board to protect the
insulation from fire as well as objects which may be poked through the .- ."

joints in the pavers.

Two important operational advantages of this system are that (1) it
allows easy access for repairs and maintenance, and (2) it provides
ventilation of the construction which promotes evaporation of water as well
as cooling (by reducing heat build up). Consequently, the same detail with
a pea-gravel setting bed in lieu of the pedestals would not be as desirable - . .
functionally (although it might be less expensive initially). An additional
advantage, aesthetically, is that the pavers car. be installed level rather
then sloped.

e. Area Drain at Earth-Covered Roof. Refer to Figure 39..

(1) Component Parts of an Earth-Covered Root. The roof
construction shown Figure 39 has six principal parts which must be provided
for all earth-covered roofs. These consist of the following:
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(a) Soil Layer. The soil thickness and mixture must be
adequate to support the selected vegetation. An irrigation system may also
be required dependinR on the type of vegetation and the thickness of the
soil layer (see Section 8, Planting and Irrigation).

(b) Soil Separator. A soil separator must be provided. This k . 6
may consist of a manufactured filter fabric, an improvised filter mat (such ". 2%
as fiberglass insulation). Both have the function of preventing smaller
particles from entering the bottom drainage layer. Filter fabrics, however,
have the additional advantage of discouraging plant roots from penetrating ,'.'.'*

into the drainage layer.

(c) Drainage Layer. Sometimes referred to as a percolation
layer, the main function of the drainage layer is to allow water to migrate
to the drain (or roof edge). In some instances this layer may be placed
adjacent to the waterproofing with an intervening layer of staggered
protection board. In most situations, however, it is economical (and
equally effective) to install the insulation directly above the !r
waterproofing system rather than introducing a layer of protection board
under the gravel, which, in turn, must be carefully leveled to receive the
insulation boards. In either location, pea-gravel is recommended for ease
of placement and leveling. -

(d) Insnlation. The insulation must be capable of
withstanding submersion in water without substantial loss of its thermal
resistance. Extruded polystyrene is suitable for this. The insulation
should be installed in at least two layers with staggered joints. This will '*.
improve the thermal integrity at joints as well as prevent materials from
reaching the waterproofing layer through the joints in the insulation. A
polyethylene sheet may be added above the insulation layer to help confine
water to the drainage layer. The edges of the polyethylene must be • "->.
overlapped and sealed to be effective. Also, a protection board layer may
be added as a construction consideration to help protect the polyethylene 4* 4-

and to provide additional protection from stakes and other objects driven
into the soil. t

(e) Waterproofing. The type of waterproofing chosen depends
on the construction methods, timing, type of structural deck and cost .
considerations (see Section 13, Waterproofing). If bentonite waterproofing
is used, a layer of polyethylene over the bentonite is rec•mmended. This
prevents the bentonite from eroding in concentrated flow areas such as at
the joints in the ..nsulation, for example. The polyethylene also serves as
a rain cover for the bentonite before placement of the gravel and soil
layers. The edges of the polyethylene must be overlapped and sealed to be
effective. If bentonite is used for t:he waterproofing, it may also be used
to seal the polyethylene.

(f) ftructural Deck. Ir most instances, the structure will
be cast-in-place concrete, however, other systems including preca~t
concrete, concrete fill over metal deck, and wood plank may be us d,
depending on other design criteria. In all cases, the surface of the deck ?
must slope ta drains or roof edges and have a finish suitable for he
selected waterproofing.

1.4-101

%%** % %

• ... : ,

i I ",4



k Jot Snio gel~ over neoprene rod hackw %

4 4 Co.ocreto paving

."4 -. "'..I
Prefo rme , or . . fully """d-seaI 80 edge$

a glass "e n ( "-vr- Staggered)'e

.Membrmne waterproofing (adem~rd to concrete)

4. * i Pive seteve with concrete anchor
.. .. ,, " 7, . 71. . .

. ,,.~~~. q..'?.:

_.----... Weld top and bottom

* .- -- Eipxansior point ossembly

FIGURE 40
Pipe Penetration at Paved Roof , •

(2) interior Rocf Drains. The drain shown in Figure 39 is an
all-level drain with a per.ornted collar, removable drain cover, and
removable internal filter. The perforated collar must be wrapped in a
stainless steel mesh to prevent the erosion of the gravel layer around the
collar. Bentonite waterproofing, if used, must terminate at least I fooL ..(.
(300 mm) back from the drain (refer to the manufacturer's technical notes) "'*..-v >.

and overlap a layer of membrane waterproofing adhered to the concrete deck ij Ti
and drain flange. If membrane waterproofing is used, this should extend
into a clasp ring as well. The drainage pan and flange detail shown in%
Figure 39 are for fluid applied waterproofing. Using a drainage pan, as
shown, reduces the potential for the bentonite to erode around the drain,
leading to clogging of the drain. An increased rate of slope around the
drain will reduce the extent of backup water and thus help prevent erosion
of the bentonite near this condition.

In Figure 39, a concrete collar is provided around the top of
the drain. This collar helps hold back grass and lawn clippings and reduces . ..
soil erosion where other types of planting may be used. With a smaller
tributary drainage area and a soil surface that is graded flat, the concrete
collar may be omitted. In this case, a solid drain cover may be used.
Drain collars should be wrapped in filter fabric and the collar should not
be perforated at the soil layer. If it is possible for the roof to flood,
because of a continuous parapet for example, the drains must have a grate or *.

strainer at the top. In addition, shotiid flooding be possible, overflow "
drains would have to be provided. Overflow scuppers are not recommended. ,
If an overflow (either drain or scupper) is not provided, then the structure
and the parapet must be designed to hold the water. .-.. *.-

f. Pipe Penetration at Paved Roof. Refer to Figure 40. This detail %
illustratei a pipe penetration through a roof paved in concrete. However,
this type of solution will work equally well for other types of paving

%**¶. a
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FIGURE 41
Expansion Joint at Earth-Covered Roof "

situations as well as earth cover. The basic strategy in this solution is

to eliminate flexible connections above the roof and to restrict all
mniement below the level of the structural deck. This reduces the -

vulnerabiliLy of the connection above the roof construction and also allows '"

a neater-looking appearance. Thim particular detail uses a pipe sleeve with

concrete anchors. After casting the assembly in the concrete, the steel

pipe is then welded to the top and bottom edges of the pipe sleeve. An
alternate solution that would work equally well would be to weld the
concrete anchors to the section of vent pipe and to cast this into the -
concrete directly. The end of the pipe is threaded so that proper

connections can be made using manufactured exp-nsion joint assemblies.-.. ... "-

The waterproofing illustrated is membrane waterproofing. Normally

the manufacturer will call for additional plies to be used at this critical

point. The vertical legs of the membrane waterproofing must be terminated
so that it can be caulked with a compatible waterproofing material.
Different manufacturers will have different recommended methods for
terminating the waterproofing, however, and reference should be made to the

technical information for the product selected. Expansion material should
be used around the pipe to reduce stresses on the pipe. The joint at the

surface should be sealed. If the roof is earth-covered, the soil should be
sloped away from the pipe. Sloping the concrete away from the pipe is also
advisabie.

g. Expansion Joint at Earth-Covered Roof. Figure 41, illustrates a

condition at an expansion joint at an earth-covered roof. Becau.e of the .
continuity of the insulation, the plastic air stop below the expansion joint.-

is not required. However, a similar type of construction for the '.---
waterproofing will be required. In the detail, bentonite waterproofing is %

the main waterproofing for the structure. The bentonite must overlap the
membrane waterproofing at the expansion joints. The membrane waterproofing
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FIGURE 42 I

Earth-Covered Roof at Masonry Cavity Wall

must be thoroughly adhered to the concrete surface and extend out from the
expansion joint for a width of at least 2 feet (600 mm) on either side of ..

the expansion joint. The membrane waterproofing may be formed over a. .
prefabricated expansion cover, neoprene pipe insulation, or large-diameter
form rod stock. This material must be secured in place by adhering the top
to the underside of the membrane waterproofing. If rod stock is used, it
cat be sandwiched between two layers of waterproofing to hold it in place.
The bentonite is then carried over the completed assembly. Increasing the
thickness of the bentonite would be advisable in this area. The ' ,
polyethylene sheet, which is normally placed over bentonite is imperative in . '.'

this case. Not only does the polyethylene sheet prevent erosion of the
bentonite in the open area where the water would tend to flow in channels,
but it also helps confine the bentonite. This is necessary to reduce the
swelling of the bentonite in an unconfined space. The insulation is hold ,

away from the expansion assembly either by notching the insulation ;: by .

stacking the insulation as shown in the detail. This eliminates pressure on %,.4.
the expansion joint assembly which might cause collapse of the domed shape.
In this case, to ensure that the weight of the earth-cover and gravel layers
above will not collapse through the insulation, a structural board (of,'
treated wood) is layed under the top layer of insulation. It would be ,'-'
advisable to increase the rate of slope of the concrete deck away from the
expansion joint. -".

h. Earth-Covered Roof at Masonry Cavity Wall. Refer to Figure 42. V.---

For additional comnmentary on the roof construction shown in this detail
refer to Figure 39 above. The concrete deck should slope away from the .
wall. The additional thickness required for the concrete slab at this point
will deperd on the size of the area to be drained and slope of the concrete . .
surface. Beatonite waterproofing is the main waterproofing used in this
case. However, at thi: condition, membrane waterproofing must be used so .
that the bentonite waterproofing overlaps the membrane waterproofing at the

4 •...: :-- .
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FIGURE 43
E x p a n s i o n J o i n t a t E a r t h - C o v e r e d R o o f a n d E x i s t i n g S t r u c t u r e .

base of the membrane waterproofing and so that the integrity of the
waterproofing system can be continued above grade. This is accomplished by
extending the membrane waterproofing through the wall construction at a
point just below grade and then by extending the waterproofing up at least 1
foot (300 mm). The membrane waterproofing must be adhered to the masonry
a lo n g th e u p p e r p o r t io n . T h e b o tt,.' *a d g e i f t h e t h r o u g h - w a l l w a te rp r o o fi n g
should be left unadhered until P sepa:ate ply can be installed at the wall
an d s la b . T h e t h r ou g h - w a l l m em b r a n e i i t h e y. o v e r la p p ed a n d a d h e r e d to th i s."- -

second ply. To ensure a positive ovs.lap of tLe bentonite and the membrane
S .terproofing, the bentonite is conL~nued part way ,r the wall over the •.
r-embrane waterproofing. The bentonite is thickeaed at the cove at the base
of the wall and at the edge of the membrane waterproofing at the slab. The
top of the bentonite should be flashed to prevent w&shout of the bentonite "&

adjacent to the ground surface. Polye:hylene sheet ajplied to the wall with
an ap-ropriate mastic w11 ser-ve this purpose.

A s w i t h c o n v e n t i o n a l b u i l d i n g c o n s t r u c t i o n , t h e c a v i t y w a l l s h o u l d .
n o t e x t e n d b e l o w g r a d e . T h e c a v i t y s p a c e b e l o w th e c a v i t y w a l l f la s h in g .--- • -

should be grouted solid. The cavity wall flashing is extended up and
terminated in the mortar joiiat of the concrete block backup according to
criteria for conventional cavity wall constructicn. The insulation (which .- '.
should be extruded polystyrene insulation) serves two functions: (I) to M
protect the waterproofing and (2) to develop a thermal overlap with the
insulation in the wall. This overlap does not constit,;ý.." a complete thermal , ,-. .,

b r ea k . H o w e v e r , i n t h i s c a s e , t h e o v e r l a p p r o v id e s a c o s t- e f fe c t iv e w a y o f ,'
reducing the heat transmission at this point.

* . -•.*..*..<

i. Expansion Joint at Earth-Covered Roof and Existing Structure. Refer,..- ..-.

to Figure 43. This expansion joint occurs near the foundation wall of an ..

existing building. The expansion joint construction is similar to the ,. .

construction for an expansion joint within the typical roof area. Refer to
*-,.. ..- ..-C .
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completely eliminate the development of cradks between thesoil and the
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cand, ispoeially thae bntonite, be thoro waly flashed to shed water away from
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FIGURE 45
Parapet at Earth-Covered Roof with Thermal Break

termination of a skylight at an earth-sheltered roof. Th'2 primary aesthetic

constraint was that the concrete be exposed on the interior. Bentonite,
which is the primary waterproofing in this case, is shown overlapping
membrane waterproofing which is adhesively applied to the concrete curb
below the skylight. This detail, however, would be similar for a condition

% where membrane waterproofing was the primary woterproofing system. TheSinsulation which is continued up the concrete wall serves as protection for

the waterproofing as well as completing the thermal continuity of the-.-
insulation. It is important to carry the insulation as far as possible, not
only to improve the thermal efficiency, but also to help prevent
condensation on the backside of the membrane waterproofing (which acts as a

vapor barrier). By detailing the membrane waterproofing as a vapor barrier,
it can be terminated in a caulked joint between the concrete and a

continuous steel support angle fer the skylight. This configuration, in
effect, extends the vapor barrier all the way to the first purlin on the

skylight. The metal flashing which covers the above-grade insulation is
positioned so that it accommodates the weep at the skylight as well as

performing a flashing function.

k. Parapet at Earth-Covered Roof With Thermal Break. Refer to Figure

45, Rather than extending the insulation envelope around the parapet and
soffit, a positive thermal break is provided within the concrete

construction. The connection at the thermal break is held in place by steel
dodels, which permit torsional movement of the parapet (the parapet spans
between bays). This movement will be minimal. However, the movement must

be allowed for in the (etailing of the waterproofing. In this case, the

slope of the concrete is away from the parapet. The joint is designed so
that water will pass freely over it and onto the main roof area.

The life-cycle economy of this detail must be evaluated on an
Sindividual basis. In many climates, especially mild climates, the energy
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FIGURE 46Backwall Drainage at Earth-Covered R~oaf•...:

savings attributable to the thermal break construction will not justify the

additional cost.

I. Back Wall Drainage at Earth-Covered Roof. Refer to Figure 46.
This condition occurs at the back wall of a structure which is located below
a watershed. A drainage swale should be provided at the base of the slopeso that the surface water is carried away from the building. However, inaddition to this, a clay base may be used below the soil layers to provide
additional protection. This construction will tend to increase the totalthickness of the soil and drainage layers required for the roofconstruction. This particular detail represents a condition where the -. ,concrete is slcping to the roof edge and the water draining over the edge.This method of drainage increases the vulnerability of the rcof edge. Tocompensate for this, the polyethylene sheet, which was installed direcclyabove the bentonite waterproofing, is extended out beyond the roof edge anddownward, leaving a small tuck in the polyethylene to allow for potentialsettlement of the backfill. The polyethylene is then formed into a gutter. ..The perforated drain and the gutter should be below the level of the roof.An additional perforated drain will be warranted in many instances near thefooting. The advantage of the upper system of drainage is that it reduces
the amount of water washing down the exterior wall. This may also bebeneficial from an energy efficiency point of view in that the soil adjacent "..':. 'to the wall will be less saturated and therefore will have a lowerconductance. If a layer of polyethylene sheet is used over the insulation, ""..this too can be extended out to help the water move away from the vertical ... *"

wall.

m. Window Sill at Berm. Refer to Figure 47. This detail illustrates
a wall that is bermed to within 1 foot (300 mm) of a window sill. Theaesthetic requirements called for exposed concrete on the exterior below the -window. To meet this requirement and to continue the waterproofing to the

%
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Sealant over foam rod backer

Winow ridwinow~too -P

Membrane waterprootfing

Cast-on-alto concrete set in grow O(i-snwclor at top)

Vapor barrier and finish~ material.*- .

FIGURE 47
Window Sill at Berm

~~-Prcaatcopig (Installed with grout and dowels)

-Roofing insuflaton

Joist bearing-fil with mineral fiber insulation.% .

-Mineral fiber insuLatio vaow barrier anid gysuii board

Membrane waterproofing-termnnato in reglat

FIGURE 48
Edge of Conventional Roof at Berm ~.~

underside of the window sill, a notch is formed in the concrete wall. The OLP
waterproofing is adhered to the concrete following this notch. A
cast-on-site concrete panel to match the concrete on the remainder of the
building is grouted in place with a pin anchor located at the top. The 6
building insulation is located on the interior side of the structure in this
case. V-

af. Edge of Conventional Roof at Berm. Refer to Figure 48. With the
type of structure shown in the detail,i-t is possible to achieve fairly
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Protection board

FIGURE 49
Juncture of Retaining Wall and Exposed Concrete Wall (Shown in Plan)

uninterrupted insulation envelope that is also cost effective. This is done
by ensuring that the space between the joist bearing plate and the metal
deck is filled with an adequate amount of insulation. If the insulation
shown on the interior of the structural wall were continued down to the
floor, this approach would be disadvantageous in terms of benefiting from
thermal mass. To place the insulation on the exterior of the structural
wall and still maintain an adequate degree of continuity in the insulation,
the insulation shown on the interior wall may be continued down to the level
of the finished ceiling. This will allow insulation to be placed on the .*.".*

exterior of the wall overlapping the interior insulation by as much as 4 to
5 feet (1220 mm to 1525 mm). The interior vapor barrier should not be % %
omitted, however, depending on the humidity conditions and soil
temperatures. The roof of the structure shown in the detail is designed as
a conventional roof (in this case, a loose-laid, single-ply membrane with
ballast is used). The membrane waterproofing which is adhered to the ...-

concrete wall is terminated in a reglet as high as possible without being
exposed above grade. If bentonite waterproofing is used on the wall, the
top of the waterproofing should be flashed (see Figure 43)...

o. Juncture of Retaining Wall and Exposed Concrete Wall (Shown in
Plan). Refer to Figure 49. This detail (in plan view) shows a building
wall with an abutting retaining wall. The aesthetic requirements for the %

exterior finish of the building, in this case, called for exposed concrete.
At typical above-grade conditions, this building must have insulation
located on the interior side of the concrete wall. The type of insulation ,.O .
and its protection must conform to the requirements of NAVFAC DM-8. The
same type of insulation and interior finish is used along the inside of the
structural wall in the condition depicted in the* detail. However, the %
interior insulation (but not necessarily the vapor barrier) may be .Z '.
terminated once a sufficient overlap length (about 3 feet (900 mm)) with the
exterior insulation is developed.
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Cast-in-place concrete was

-- • ...------- Cavity-wall construction (extruded polystyrene and face brick) _"".._..

, .� Window (anchored topand bottom)

"Elastomeric sealant over foam rod backer -
%J

-.- Closed-ce polyethylene iksultao .n .-

- Pipe insulation (adhere to membrane waterproofkio)~

"Membrane waterproof"ig (adhere to concrete) S

Polyethylene sheet over bentonite *.%

Extruded polystyrene insulation , '.r.

*-Retaining wall

% %
.FIGURE 50 .'.%*''. ,I uncture of Retaining Wall and Masonry Cavity Wall (Shown in Plan).-.•"'.

In terms of waterproofing, benton;Lte is the primary waterproofing %.-
"• system for the building. At this condition, however, membrane waterproofing .*..

must be introduced at the joint where movement is expected to occur. This
detail is similar to the conditions shown in Figure 41. In this case, tbe
w aterproofing is extended onto the retaining wall for a distance of 3 to 4 -

feet (915 mm to 1220 mm). Rather than tying the retaining wall to the r
building structure with steel dowels, the retaining wall is free-standing
and is designed to withstand the earth and possible hydrostatic pressures .. -

Swithout assistance at the end conditions. Consequently, movement can be %
anticipated at the joint between the building and retaining wall. The joint ."

must therefore be sized and sealed with elastomeric sealant of sufficient
width to accommodate this movement. The backfill shown in the detail is
undifferentiated. However, the fill against the retaining wall should be 6-,..-

S gravel to provide drainage of water and therefore, relief from potential 1.. -
hydrostatic pressure. The gravel should be drained at the bottom of the _,-
retaining wall with plastic pipes sloping to the exteriur side of the wall.
Because the waterproofing of the building also depends on the waterproofing
of this portion of the retaining wall, this portion of the retaining wall
must be treated as if it were a building. The slope of the finished grade
must slope away from the retaining wall as well as from the building. If
water is allowed to flow towards the retaining vyll, for all practical .: -
purposes, it is also flowing towards the building.

p. Juncture of Retaining Wall and Masonry Cavity Wall (Shown in OS .
Plan). Refer to Figure 50. This detail illustrates the same situation as
t e previous detail. However, in this case, the architectural requirement
for the exterior finish of the building is face brick. On the right hand
side of the retaining wall a cavity wall situation exists. It is important
tat the retaining wall overlap the face brick rather than the face brick
overlapping the retaining wall. Otherwise, the movement of the retaining
wall, which will certainly occur, will tend to shear off the face brick.
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Structural board

Extruded polystyrone insu.ation

Concrete block

WaP ties stpaced verticalty

-. . .E!astomeric seala'tt over foam rod backer

Cosed-col compressible filler

Pipe instiation (adhere to membrane waterproofing)

Membrane waterproofing (adhere to both walls)

"Potyethylene Sheet over bentonite waterproofing

Retaing wall

FIGURE 51V
Thermal Break and Waterproofing at Retaining Wall (Shown in Plan) %I.

Continuity of the insulatian for the building is maintained by inserting a
compressible closed-cell polyethylene insulation in the space between the
retaining wall and the building.

q. Thermal Break and Waterproofing at Retaining Wall (Shown in Plan).
Refer to Figure 51. At above-grade locations, the exterior material used on
this building is burnished concrete block. This is used in a cavity wall
system with concrete block as a back-up. Concrete block is also used for ":

.below-grade conditions. The condition shown in the detail occurs at a -.-
corner of the building with the retaining wall parallel to the end wall. .,.
The finish material that occurs above and below the window is burnished
concrete block, also utilizing a cavity wall system. The insulation shown
adjacent to the window jamb is aligned with the insulation that occurs above
and below the window (this is the standard location for the insulation in

• ~~this building relative to the face of the exterior wall). The location of -",.,,
the building insulation, due to the choice of a cavity wall system, easily

"facilitates maintaining the continuity of the insulation envelope. As in
the previous details, the waterproofing is applied to the portion of theSretaining wall adjacent to the building. Again, the joint between the p613L
retaining wall and the building is treated as an expansion joint. Refer to ... '-.'

the commentary for Figure 41 for a description of the waterproofing at this
joint. %A

r. Foundation Near Water Table. Refer to Figure 52. This condition
occurs where there is no hydrostatic head. To allow for the possibility of
a higher water table, foundation drainage is incorporated into the design.
Drainage tile is located at the outside of the footing as well as at_ ... ..

calculated intervals below the basement slab. Plastic pipes are cast into
the footing to transfer water from the interior side of the footing to the
drainage pipe on the exterior side. The dashed line in the detail indicates

the draw-down profile of the water table. To assist drainage of water at
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Vapor barrier and finish material

Drainage mat with fiter fabric

:•:.•iii~i::•;•~i::•iiii:•;ii]i :• •Polyethylene sheet -- "-" ; -

Extruded polystyrene insulation

Waterproofing

• i -Vapor barder (protected by sand cushion)

. . . x Plastic pipes cast in footing

Gravel drainage layer

Perforated drain (wrap In filter mat) %

Drawn-down water table (shown dashed)

......... • ,. ....... ',.

, .- %
FIGURE 52

Foundation Near '4ater Table ..

Sackfill ('jranular)

Perforated Irain wrapped in filter mat ..-

Drawn-down water table (shown dashed) "

Protection board -

-------------.... i i i- Waterproofing (continue under footing and foor slab) F --

Chemical waterstop parallel to wa# 4..- .

Chemical waterstop across wall (shown dashed)r, .... .

. I...I.... Protection board

Mud slab

/FIGU&S. 53 h~
Foundation Below Water Table

(Hydrostatic Pressure Relieved in Drainage)-.

the cxterior wall, a drainage mat with a filter fabric is installed to carry
water to the drainage tile at the footing. To maintain the thermal * -

efficiency of the insulation, a layer of polyethylene sheet (with overlapped
and sealed edges) is placed over the insulation. This also terminates at -

the drainage tile at the footiig. .

a. Foundation Below Water Table-Hydrostatic Pressure Relieved by
., p." -.".
,-*.-* * • . *•

Draindseage). Redfes plaedover the Figuuae53. This conditioblsow awater tabthe r-•iage ile t te foti 1.4-1-1-3

-. J,. ,.,,



Consequently, the structure must either be designed for buoyancy and slab
uplift or the hydrostatic pressure must be relieved by drainage and
pumping. In this case, drainage is provided. This has the advantage of
reducing the structural cost. A blowout panel. must be provided in the
structure in order to eliminate serious structural damage to the building in
the event that the drainage system fails. Backup sump pumps are essential .
in this case. The dashed line in the detail illustrates the level of the .
drawn-down water table. The drainage tiles must be spaced closer together.-*
than in the previous detail. To allow for the possibility that the position
of the drawn-down water table will not be at the location indicated, but
might be slightly higher, the entire structure including the underside of
the footing and the floor slab is waterproofed. The waterproofing shown is
a membrane waterproofing. A mud slab is required below the footing and the
floor slab for the application of the membrane waterproofing at these
locations. The membrane waterproofing must be protected against damage
during the placement of steel and concrete for the footing and floor slab.
In this case, protection board is shown. Often the type of construction
will be such that an additional protection layer of concrete will be
required, however. Chemical waterstops are an integral part of this
system. Chemical waterstops should be provided at critical joints in the
structure, such as between the wall and the footing and between the floor
slab and the footing. Chemical waterstops should also be used at regular
intervals to help confine the leak, should the waterproof membrane fail.
This facilitates locating the leak and thus reduces repair costs. Note T_

that, because the membrane waterproofing is applied to the mud slab rather
than to the footing or the floor slab directly (this would not be possible),
a path for water migration will exist between the structure and the membrane %

waterproofing. Consequently, the chemical waterstops which are located in
the floor slab will not help localize a leak without also providing a grid
of chemical waterstops in the joints between the protection board.
BentOnite waterproofing has a slight advantage over membrane waterproofing
in this regard. The protection board will also be required for the
bentonite waterproofing. However, no additional chemical waterstops will be
required in the protection layer. Once the concrete is poured, it will tend
to fill the gaps between the protection board and terminate at the bentonite , -...

waterproofing at the bottom of the gap. Thus the bentonite waterproofing
will be in contact with the concrete in a regular grid as defined by the .-

layout of the protection board. The following detail also uses this
waterproofing system.

t. Foundation Below Water Table--Structure Des"ned to Withstand
Hydrostatic Pressure. Refer to Figure 5-4. This condition, which occurs
below the water te7e, utilizes the excavation shoring for one-half of the
formwork for the wall. This condition occurs infrequently. However, when
land area must be maximized and there is no room (in terms of programmatic
and life-cycle requirements) to set the building back from the shoring, then
this kind of construction may be necessary. The bentonite waterproofing is
applied directly to the wood lagging. This is covered with a fiberglass -
mesh which, in a vertical position, acts as a rain cover during construction .'-.c.
and also provides a degree of protection for the bentonite waterproofing
during pouring. The mesh allows the bentonite to come into contact with the
concrete through the spaces of the mesh. The most critical point in this - .

construction is the juncture between the waterproofing at the bottom of the
shoring and the waterproofing over the mud slab. The bentonite should be
thicker in this area.
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Shoring (left in place)

eaito~te, waterproofing (apply to wood lagging)

t ~Chemical wateratop parallel to wall

Chemical wateratop across wall (shown daiwd)O

Mat slab

Protection board

Rain cover (remove before placement of concrete)

Bentonite, waterproofing

FIGURE 54
Foundation Below Water Table

(Structure Designed to Withstaad Hydrostatic Pressure) ..
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Section 16. STRUCTURE

1. GENERAl. In terms of structural engineering, earth-sheltered buildings
are not very different from basements of large buildings or conventional
retaining structures. Criteria for structural engineering, soil mechanics,
and foundation engineering are covered elsewhere in the NAVFAC DM series
(see Related Criteria in Section 1).

-The primary difference between an earth-sheltered building and a
conventional building in terms of structure is the much higher static loads -
present in most cases on the exterior structural surfaces of an

earth-sheltered building. These heavier, loads tend to linmit the types of
structural systems which can be used for below-grade structures. Internal
bracing of the building to transfer horizontal forces and resist unequal
earth pressures becomes important and, when roofs are earth-covered,
vertical supporting elements within the structure and foundation will also
carry suoe.tantially increased loads. It is thus important that the overall
design of the building (smaller bay sizes, for example) allow for an
economical structural system.

2. DESIGN LOADS. Soil loads are normally considered dead loads. However

the effects of possible later partial excavation of the earth on the roof or
adjacent to the walls of an earth-sheltered building must be considered in
design. If the structural design depends on balanced lateral earth
pressures at opposite walls of the structure, unequal excavation or . ,.-..-
backfilling may cause structural movement or damage. The likelihood of
maintaining a permanent soil load must be considered in designing an
earth-sheltered building, particularly if it is a post-tensioned structure
with final tensioning designed to balance earth loads.

a* Roof Loads. The most dominant roof load is the, resence of soil on
the roof. No•-al soils can vary in weight from 90 lbs/ft (1442 kg/m3 )

to 135 lbs/ft (10 500 kg/m3). It ia possible to design' lighter soil
mixes by including a lightweight filler material, but, this may be
detrimental to plant growth. A fully saturated soil may weigh more than 135 .
lbs/ft 3 (10 500kg/m 3 ), If the roof is well drained, however, the water
loading can be consicered a live-load condition. The soil density most
conmnonly assumed in design is 120 lbs/ft 3 (9350 kg/m 3 ). !See Section 8,
Elanting and Irrigation Design, for planting and soil loads.

Live-load allowances for earth-covered roofs usually range from 50
to 100 lbs/ft 2 (about 10 to 20 kg/m 2 ). The actual value will depend on
snow load, any vehicular traffic, and whether allowance must be made for .-.

rain-saturated soil. When heavy snow is typical and extensive drifting of
snow on the roof can occur or when large vehicles can drive onto the roof,
tht design must allow for these possibilities. Minimum must be in
accordance with NAVFAC DM-2.2, Structural Engineering, Loads, Section 3.

b. Wall Loads. Walls in an earth-sheltered structure must resist
lateral earth pressures if they are placed against the earth; if they are
exposed, they must resist wind loads. The walls also act as components of
the structure, transferring forces from the roof and other walls to the
foundation.
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Lateral &oil pressures will vary considerably, depending on whether
the wall is able to deflect away from the load (active pressure), is held $ 1
rigid (at-rest pressure), or is actually forced towards the soil (passive
pressure). Although the actual soil pressure conditions are greatly
affected by backfilling procedures and building geometry, at-rest pressures-
should generally be used in the design of a fairly rigid structure sich as a
concrete wall, roof and floor system; active pressures can be used for
external cantilever retaining walls..

When the lateral pressure exerted by a backfill material is used in-
design, it is important that other soil materials that would exert a higher '

pressure on the wali be placed outside the zone in which they could .0
influence the wall. A rule of thumb is to assume that this zone lies within
a line drawn at 30 degrees from the vertical, extending out from the base of
the wall.

Other loads that mist be considered in wall design are:

(1) Saturated Soil Conditions. Water pressure can add .
significantly to the wall loads. A granular backfill, which provides good -. -

drainage in addition to lowering normal lateral pressures, is generally used
for backfill whenever it is available. When gravel backfills and drainage
tile are used, the wall is normally designed for unsaturated conditions.

(2) Swelling Pressure/Frost Pressure. These pressures must be
considered in design whenever soil conditions are potentially hazardous. ..--.

(3) Suzvharge Loads/Live Loads. The vertical pressure from a
surcharge load adjacent to a retaining wall causes a corresponding increase
in the horizontal pressure on the wall. If any live loads are considered in
retaining wall design, they are usually treated as a surcharge load. A-- -
major live-load item Will be the surcharge load from any heavy vehicle that
may be driven on the surface adjacent to the top of the retaining wall.
Firefighting equipment access should be considered in calculating these
loads.

(4) Backfilling Pressures. Overcompaction of backfill as a result
of using heavy equipment can place a higher load on a retaining wall than .4. ID

the wall might have to withstand in the course of normal service. .. '-..

Backfilling procedures should be specified to avoid this problem. Refer to
DH-7 Series for criteria.

c. Seismic Loads. Seismic loads for buried structures are generally
less severe than for conventional structures. Below-grade tanks or pipes of
moderate size generally do not require special seismic design considerations
if applicable non-seismic design criteria are satisfied. Tanks, tunnels, or ..
pipes of critical importance or with large cross sections will require
special considerations for seismic design. Issuea of particular concern for
earth-sheltered buildings include: (a) inertial forces of a heavy
earch-covered roof with respect to its attachment to the walls of the
structure (This is very important when the roof element is not confined by
surrounding earth on all four sides of the building.); and (b) relative
movement or settlement of the building foundation. Buried structures are
usually relatively rigid and will not accomeodate significant relative
movement without-cracking and structural damage.
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In addition to the direct effect of ground motion on the building,
other hazards include subsidence and settlement due to consolidation or -

compaction, landslides or liquefaction. Design of earth-sheltered
structures to be built into hillsides in seismic zones should carefully
evaluate slope stability under earthquake conditions.

Refer to the following sections of NAVFAC P-355, Seismic Design • -
Buildings, for specific guidance: Retaining Walls-Chapter 11, SectLG1b
Buried Structures-Chapter 11, Section 7; Design of Foundations-Chaprr 4, 4 '

, Section 8; Overturning--Chapter 4, Section 4b; Other Ha'zards-Chapter 2, -
* Section 7c (see Criteria Sources).

d. Blast Loads. For bomb- and blasc-resistant design, obtain the"
latest criteria from NAVFAC. See also NAVFAC P-397, Structures to Resist
the Effects of Accidental Explosions (see Criteria Sources).

3. CHECKLIST OF LOADING CONDITIONS. The following conditions should be -.

considered in calculating the potential loads on a structure:

o self-weight of structure and finishes
* o vertical soil loads on roof '-.'.'

o ground-water pressures/uplift
o loads from landscaping elements
o mechanical equipment on roof or on intermediate floors
o rain saturation of roof and wall backfill '-.

o snow loads
o conatruction equipment loading on roof and adjacent to walls
o service vehicle access to roof and adjacent to walls 4
o swelling clay conditions
0 frost-heave oressures
o earthquake forces

, o wind loads on exposed portions of the structure
o live loads on interior floor structure3

* o soil/structure interaction (for flexible structures such as thin
* shells,

o slope stability (for structures on hillsides)
o required resistance to blast loads

q%
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'>ction 17. MECHANICAL AND ELECTRICAL SYSTDŽ4S
- ¶, . .'

i. A!1-A'_NDLING SYSTF14S. The model building codes referenced by NAVFAC

L'!-3.3, Heaiting, Ventilatin?. Air C-oneitioning, and Dehumidlfying Systems -

state that ventilation shall be nrovided either by natural meand or by a .-.- -

nechanically-operated ventilation system. Because of the imposed design

constraints of large below-grade structures, ducted supply, air and positive

reiturn air systems must be utilized to provide ventilation for the building.

It is essential that the designer thoroughly examine the overall

energy-efficiency o7 the system, The designer should: (1) seek to reduce the

resistance to air flow; (2) reduce air volumes where possible; (3) minimize

the thermal losses. Energy savings are achieved by reducing air volume and "

resistpance to air flow.

Ia general, the design of ventilation systems for below-grade structures

is very similar to that of above-grade structures. The most signicicant

difference in system design between above-grade and below-grade bildings ix

the placement of outside air louvers. In an earth-sheltered building louvers

will tend to be more prominent visually. Further, where the saove-grade

portion of the building is concentrated in a small area, care must be taken to

ensure that the air intake louvers have adequate separation from exhaust

louvers and fumes at vehicle access points.

2. VEiTILATION REQUIREIEIT'S. Because most large above-grade buildings are -

heraetically sealed and mechanically ventilated, the ventilation requirements

for below-grade and above-grade structures will be similar. The requirements
for ventilation quaz-tities are defined by NAVFAC DM-3.3 (Chapter 4,-

Ventilation Requirements). Where power ventilation is provided, the ".-". *.

ventilation air quantity (including pressurization and infiltration) used for .

calculating heating and cooling load shall be estab ished as the greater of

the exheust requirement plus 10 percent or 0.125 ft /min per square foot of "
net floor area (0.305 m3 /min per square meter), provided that ventilation

air exclusive of infiltration is furnished at 5.0 ft 3 /min per person (0.14
m3 /min). Refer to ASHRAE Standard 62-1981 (see Reference 5) for minimum

ventilation air requirements.

Adequate ventilation is important to prevent the buildup of indoor air

pollutants and to remove exceis heat from an occupied underground space. Low

uncontrolled infiltration rates make ventilation particularly important in

earth sheltered structures. A pollutant of particular concern is radon.

Radon is a radioactive gas released in minute quantities by soil and rock

materials including the materials used in building construction, such as ..- '

concrete and building stone. Radon is also absorbed by ground water and then .. '-.-

released at a free ground-water surface. Normal ventilation rates In excess

of 0.5 air changes per hour are believed to keep radon levels to below

permissible standards. In addition, it is desirable to prevent the passage of

ground-weo*er or water vapor from the surrounding ground to within the building

envý.lope since this is significant source of radon. .. -'.
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3. WATER SYSTEMS. In multistory buildings, pressure diminishes at upper
stories due to associated gravitational and frictional losses, requiring
upfeed pumping to augment the system pressure. Such losses will be reduced or
eliminated in earth-sheltered buildings since distribution will typically be
"nearer .r below the city main. In remote areas where domestic water is pumped
from ground water tables, holding tank's may have to be incorporated into the
system to provide adequate reservoir for domestic water and firefighting.
Earth-sheltered buildings can benefit by plazing tanks on grade.

"4. SANITARY SYSTEMS. Where building waste lires are lower than the sanitary
sewer, pumping will be required, necessitating (1) a sump pit or receptacle
into which waste may flow by gravity; and (2) a sewage ejector (operated bl
either a motor driven centrifugal pump or by compressed air). Sewage and
drainage pumps must be provided with two power sources or must be equipped
with dual electric and diesel drives. Two pumps should be provided which
alternate in operation (each cycle). Each pump should be sizei to take the
entire peak flow.

Sump pits can be located in the building, even with little head room,
under heavily travelled pavement or in remote areas. Except in areas subject
to prolonged below-freezing temperatures, it is recommended that sewage sumps
be sited away from the building to provent spillage or flooding in the event
of equi:,l'nt failure. Otherwise, sumps must be of sufficient size to take
sewage flow far & period of time which will allow detection of the problem and
installation of portable pumps. Sewage sumps must have proper ventilation to
"the outside. Sumps located away from the building will require a manhole
installation. Refer to DN4-3.1, Plumbing Systems, for criteria on sizing of
%sumps.

5. LIGHTING SOUVi'E. Source efficacy (lumens per watt) and color are both
-. iimportant considerat40ns in the selection of a light source for

earth-sheltered construction. Generally, wherever possible, high efficacy
sotsCvce should be used. Internal loads due to lights and equipment play a
mori rignificant, and sometimps different, role in the heat balance of
unJer;jround spaces. Spaces whi.:h would normally require heating, often have
no hý,xting requirements when earth-sheltered. The amount ot usable waste heat
frcia lights and equipment is, in effect, decreased. Often cooling will be

-,: requir, 4 where heating would have been necessary previously. Consequently,
"the lilhting system not only affects the electrical load in terms of direct

-" ener-.i usege but also has a more significant impact on the HVAC ,aad for the
building. Because of recent developments in high-intensity discharge sources,
cclor-corrected metal halide and high-pressure sodium lamps, the designer can
utilize the most energy-efficient lamps while still providing good color
rendering characteristics in interior applications. (See NAVFAC DM-4.4 for
lighting dosign requirements.)

.'K. ..GHT''; CO,ý.TROLS. In single-story, earth-mheltered buildings, windows
c-,td/oi skylights can provide effective daylighting. Special care must be
ts:,ien to p•:'ý,fide adequiate control of ,Iare Lnd excessive luminance ratios.
. e ari.ifea.lt Lighting system should ka designed to compensate for periods of
&rxlearent t-ather or night operation. An analysis should be done to determine
"-•ne cust s1. ectiveness of a photo-c,.,itrolled dinning system. In . '.
-. lf lpl.- satrr,, earth-shelterui biildings, standard skylights are ineffective
:Iat the. secoad level. TV ut•,,o• any natural lighting component in lower
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levels, the beam shaft method would have to be employed (refer to Section ii,

Natural Lighting, Skylights and Passive Solar).

Motorized or manual blinds and louvers are other means of controlling
"" natural lighting into the building. These controls, especially when combined

with automatic thermal shuttering, tend to be more important where skylights
are used. Skylights make up for the loss of daylighting at the perimeters of
earth-sheltered buildings. However, depending on climate and orientation,
skylights can be an energy liability. To offset this, controls must be used.
Automated building systems are an ideal way to interface lighting and solar
"gain control with total energy control of the building. If total automated
building control is not available, a programmable lighting controller can be
used in conjunction with transceivers and contactors to control the lighting
automatically, according to the schedule of the building. As in conventional
buildings, multiple switching and other energy-saving control methods should
be investigated for their cost effectiveness.

7. PSYCHOLOGICAL RESPONSE TO I •HTING. Lighting can have a significant
impact on the human psychologica± response to an environment. The lighting
designer should work with the interior designer during the color selection

process so that adequatc lighting levels and luminance patterns on the room
surfaces can be achieved. Lighting systems that provide nearly 100 percent
direct illumination and very little intensity at angles above 50 percent such
as downlights, louvers, deep cell parabolics, and refractive lenses help
control direct glare and increase visual comfort probability. But these
fixtures tend to bring the ceiling down perceptually, since they appear dark-.-
when looking across the ceiling and do not give high luminance patterns on the
ceiling.

Source color is also very important to psychological response. Sources
rich in the red tones, 3uch as incandescent and high-pressure sodium, help to
make the space feel more intimate and relaxed. Some studies have show.- that
this fteling increases productivity and employee comfort. However, in .
earth-sheltered buildings, the use of sources rich in the warm tones

(especially when used with dark-colored surface finishes) tends to reinforce
the underground associations of the space. A whiter source, richer in the

cooler tones, increases perception of the openness and lightness of the room
by visually causing the walls and ceiling to recede.

8. EMERGENCY LIGHTING. The emergency lighting system for an earth-sheltered
building must conform to the requirements set forth in the Life Safety Code.
Where there is no natural lighting, adequate egress lighting is critical in
preventing panic, especially in multiple-story earth-sheltered buildings.

9. ELECTRICAL COOLING ENERGY AND FAN ENERGY. The electrical load for cooling
will normally be lower for earth-sheltered buildings. Refer to Section 18,
Energy Calculations, for HVAC requirements calculations. For the purpose of
life-cycle costing electrical fan energy can be considered to be the same for -'

comparable conventional and earth-sheltered buildings.

06 10. TRANSFORMER LOCATION. Transformer location is dependent upon the building
i type and the landscape design. Consideration must be given to the standard

advantages and disadvantages of outdoor and indoor locations, including
construction cost, maintenance, security, noise, and visual appearance.

1.4-121



e Frequently, an exterior location will be more visually prominent, especially
If the building is substantially buried. On the other hand, if the
transformer is located within the building, provision of louvers for
ventilation will restrict the extent of earth-contact. Also, an indoor
location will be more expensive. Refer to NEC Code 1981, Article 450-2 for"
additional location requirements.

If the equipment room is on a below-grade lower level in a multistory
building, there may be additional costs for primary cable and ventilation. if
equipment space Is made available on an upper level, vibration, and noise may
be a problem. Flexible conduit connections and vibration-dampening mounting O
method. may be necessary.

11. SERVICE IDCATION. If an earth-sheltered building is fed by means of a
* unit substation located outdoors, the advantages and disadvantages will be

"similar to those of the transformer location outdoors. If the service
entrance equipment. is located indoors, as it is in most commercial buildings,
special consideration must be given to the length of the secondary conductors,
especially in multi-story, earth-sheltered buildings. For a deep
earth-sheltered building, if the service entrance equipment is located on a -
lower level, additional cost may be incurred for running the secondary .-
conducto-s down the entire depth of the building and then distributing upward
as opposed to locating the service entrance equipment at near ground level and bo.TA
distributing in only one direction. In addition, the service disconnecting
means, or service switch, must be accessible to firefighters. For additional
criteria on service entrance equipment selection and transformer selection,
refer to NAVFAC DM-4.2, Electrical Power Distribution Systems. "

Power must be taken off ahead of the service disconnecting means if waste
fire water pumps are required. (See Section 12, paragraph 6, Drainage.)

12. EMERGENCY POWER. An emergency power system--whether it is a second means
t~'4 of utilization voltage, emergency generators, or an Uninterruptible Power

Supply (UPS) system, is normally dependent on the building occupancy and the
nature of the work being done in the building. Earth-sheltered buildings tend
to have more requirements for emergency power than conventional buildings.
The most typical of these are emergency power for sump pumps and fire %;------ prteton systems. For design criteria, refer to NAVFAC DM-4.4, Electrical ''=

"Utilization Systems.

a. Auxiliary Power Source. If the choice is made to utilize an
auxiliary method of feeding the service entrance switchgear, such as a

h -. utility-supplied power source or Navy-generated power source, there would be
very little difference between the errth-sheltered building requirements and %
the conventional building requirements. Additional costs may be incurred

KS depending on the location of the transformer and service entrance equipment as
discussed above in Section 3.2.

b. Emergency Generators. The considerations for the location of the
emergency generator are similar to those for the high-voltage transformer. If
the emergency generator is located on the roof of the building, there may beL additional structural requirements due to the weight and vibration of the
generator. If the generator is to be located indoors, close proximity to the A04
switchgear reduces the chance of voltage drop. Provisions for combustion air,
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adequate ventilation, and exhaust from the generator, will tend to conflict
with maximizing the extent of earth-contact, however.

i c Uninterruptible Power Suppl . For requirements of UPS systems and

critical loads, refer to NAVFAC DH-4.4, Electrical Utilization Systems, NAVFAC
% aDM-4.l, Preliminary Design Consideration, and the e National Electrical Code,

IFFA 70, Article 701, (see Criteria Sources). The UPS system will normally be
located indoors, adjacent to equipment that must be supplied with
"uninterruptible power. Special provisions may bc needed for the structural -
rupport of the batteries unless the UPS system is located on the lower level. -

lHowever, in a deep underground location, costs will tend to be higher for

ventilation of the batteries. Refer to DM-4.1 for "Legally Required Standby!ii S ystems."• -- " '.""."'.--"-?

13. FIRE ALARM. Early fire detection warning systems are critical in most
earth-sheltered buildings due to their limited means of egress. For
requirement criteria, refer to NAVFAC DM-8, Fire Protection Engineering.

14. COMMUNICATIONS. Refer to NAVFAC D'.-4.7 for criteria and design methods %for telephone and wired communication systems. Service entrances for .,•>

telephone and commnunications will tend to be most economical if located on a .... ?

floor closest to grade (noise and vibration will not be m concern in this

- ,-": °

case). •••"

I'. A _I
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Section 18. ENERGY CALCULATIONS

"1. GENERAL. This section presents an overview of heat transfer principles
as they relate to earth-sheltered Luildings. Heat flux data is included
here and in Appendix A to aid the system designer in sizing mechanical
systems and computing the total annual space conditioning requiremeints of Plt"
earth-sheltered buildings. Sample load calculation procedures are presented.

2. OVERVIEW OF HEAT TRANSFER PRINCIPLES IN BELOW-GRADE STRUCTURES. Heat
"transfer processes within the ground are extremely complex for the following
reasons: (1) thermal conductivity of the soil is not easily established
with precision, (2) thermal inertia of the earth tends to delay and dampen B
change in outdoor weather conditions, (3) heat flow through below-grade
"walls does not occur between parallel planes as in above-grade walls, but
involves thermal movement in a three-dimensional environment, and (4) "
moisture migration through the soil is difficult to quantify. These
interrelated factors make a precise solution difficult. However, all of
these must be considered to obtain reasonably-accurate heat transfer
predictions.

a. Thermal Conductivity of Soils. Conductivity values for soils range .
from about 0.30 to 1.30 Btu/h ft °F (0.52 to 2.25 W/m *C) depending on
"factors such as soil type, density, and moisture content. Fine-grained
soils such as clay tend to have lower values than granular materials.
Increasing the moisture content will increase the conductivity. In general,
the soil surrounding an earth-sheltered building will tend to have
conductivities between 0.70 and 0.90 Btu/h ft *F (1.21 and 1.56 W/m *C).
Refer to Appendix D for a listing of soil thermal conductivity factors for
"various soil types and moisture contents.

"* -• New, simplified methods are being developed for determining on-site
thermal conductivity of soils by use of "Conductivity Probes." See
Reference 12, "The Measurement of Apparent Thermal Conductivity of Soils in
the Field and Laboratory Using Thermal Conductivity Probes," by the
Department of Energy.

b. Temperature Regime Around An Underground Structure. In the simple
condition of steady-state heat flow between two parallel surfaces at
different temperatures (as for a wall above grade) the paths of heat flow
are parallel lines at right angles to the surfaces. When the two surfaces
"are not parallel but at an angle to one another (as for a below-grade wall) -

the paths of heat flow are curvilinear. Heat flow from below-grade surfaces
is three dimensional in nature, especially at building corners. However,
the heat flow can be represented with reasonable accuracy in two dimensions
when the surface in question is substantially removed from the corners of

*' '. the building. . - i

IJ The two-dimensional heat loss around an uninsulated basement in
Minneapolis for typical February and August conditions is illustrated in
"Figures 55 and 56. Heat flow is perpendicular to the isotherms. Heat loss
in February is greatest near the ground surface where the isotherms are % ..
closely spaced.
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Isotherm Distribution Around an Isotherm Distribution Around an

Uninsulated Underground Building for Uninsulated Underground Building forTypical February Conditions in Typical August Conditions in '""'

Minneapolis Minneapolis

C. Simplified Heat Conduction for Undisturbed Earth. The earth
temperature oscillation near the surface varies cyclically with the annual
weather cycle. The variation is almost sinusoidal and is reflected below
grade by an amplitude that decreases with increasing soil depth until at
about 30 to 50 feet (9 to 15 m), the temperature remains essentially
constant throughout the year at a value called the annual average earthtemperature. •

Usually the mathematical treatment of earth temperatures for
undisturbed earth starts with the assumptions that: (1) the earth is a "'.
homogeneous heat-conducting medium of a semi-infinite solid system, that is,
the thermal diffusivity is constant throughout the temperature domain; (2)
the temperature of the surface exposed to the atmosphere varies periodically
with time. For methods or predicting ground temperatures for undisturbed N
soils, refer to "Regional Analysis of Ground and Above-Ground Climate," in
Underground Space, by Kenneth Labs (see Reference 1).

Because of the thermal diffusivity, subsoil temperature variations
lag more and more in time behind surface temperature as depth increases. At
depths of 10 to 15 feet (3 to 5 m), this time lag is measured in mouths.
Figure 57, which illustrates this time lag, is a plot of temperature values ,'...
versus depth for various times of year in Ottawa, Canada. The coldest -'

ground temperature at the 6 foot (2 m) depth occurs in April--a thermal lag 7, '•
of approximately 2 months from the coldest air temperature. The soil
temperature lag in effect shifts the cold temperature pulses of the winter
into the summer months where cooling benefits can be derived. The same

I principle also applies to the heating season; warm temperature pulses
received from the previous sumner months help moderate the buildings thermal

61 environment. ___
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3. CALCULATION PROCEDURES. Several limitations are inherent in hand

calculation procedures. These are discussed in the following subsections.
A transient, two-dimensional finite-difference computer program for

predicting heat flow in below-grade structures is also presented.

a. Existing Earth-Contact Methods. The 1981 ASHRAE Handbook of
Fundamentals, referenced by NAVFAC DM-3.3, Heating, Ventilating, Air-
Conditioning and Dehumidifying Systems (see Reference 13, ASHRAE Handbook of
Fundamentals), recommends the use of an approximate graphical procedure
developed by Boileau and Latta (see Reference 14, Calculation of Basement
Heat Losses, by Boileau) for estimating the winter heat loss from
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Assumed by ASHRAE/Boileau and Latta

below-grade basement walls and floors. Boileau and Latta suggest that this
procedure iu a reasonable approximation only for the nearly steady-state
mid-winter conditions. The bases for the ASHRAE/Boileau-Latta procedure are
the assumptions that: (1) heat flows along circular paths perpendicular to
radial isotherms from the basement wall to the surface of the ground (see
Figure 58), (2) the soil behaves as a low-mass insulator with relatively low
resistance, and (3) the earth is a homogeneous heat conducting medium. ý15-5!

Figures 59 and 60 present heat flux data for both an uniusulated
and an insulated basement wall in Minneapolis for a typical February day. .
Two sets of data are plotted: one from the ASHRAE/Boileau-Latta calculation

,1 procedure, and the other from a transient two-dimensional finite-difference
I computer analysis.

Figure 59 demonstrates that good agreement is realized between the
two methods when no insulation is utilized. This is graphically apparent in
Figure 61. The isotherms (generated by the two-dimensional
finite-difference model) conform to the Boileau-Latta method in that they
are radial in nature and emanate from the point where the ground surface
meets the basement wall. The graphic method predi'cts a slightly smaller .".'.

wall heat loss than does the computer model. As e plained in detail by
Meixel, Shipp, and Bligh (see Reference 15, The Ipact of Insulation '"- "'
Placement, by Meixel), this is largely due to the fact that the graphic
;procedure does not take into account the vertical gradient in the building's
wall temperatures and the resultant heat flux. Thiý error increases
dramatically when insulation is introduced. Figure 62 is a plot of the
computer-predicted profile around the basement wall when R-21.O insulationis applied to the exterior. The shape of the isotherms i. altered

dramatically from the no-insulation case. In this c se, the isotherms
depart from the Boileau-Latta model where the isothe nsradiate from the

W intersection of the ground surface and basement wall. In particular, the
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the Boileau-Latta method overestimates the wall heat loss as depicted in
Figure 62. *
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The inability of the ASHRAE/Boileau-Latta method to adequately
model insulated basement walls, as well as the seasonal thermal responses cf
basement walls (since the ASHRAE technique is only capable of predicting
average winter heat loss), clearly demonstrates the need for more
sophisticated procedures. The Boileau-Latta method can be in error by as
Imuch as 30 percent. Computer simulations are required to accurately predict
the basement wall heat fluxes for each day of the year. A transient
two-dimensional finite-difference computer model is able to yield detailed
results of thermal performance which are required for optimizing both
insulation and soil mass. Note that existing simulation models, such as _-_-___

BLAST, NBSLD, and DOE2.1 currently do not account for these changes in soil
temperature distribution and thus are unable to yield Fzcurate results.
Further, the ASHRAE/Boileau.-Latta method is unable to estimate the
beneficial wall heat losses during summer months.*

b. Computer Model. The transient two-dimensional finite-difference
computer program utilized in generating the Heat Flux Tables (Tables 21
through 42) presented in Appendix A is a direct extension of the program
developed and documeuted by Speltz (see Reference 16, A Wmerical Simulation
of Transient Heat Flow, by Speltz, and Reference 17, The Thermal Benefits
and Cost Effectiveness of Earth Bermir•g, by Speltz).

The computer model solves the transient two-dimensional heat

conduction equation in a Cartesian coordinate system using an explicit
forward-differencing routine. To obtain the required accuracy in
determining heat flux magnitudes and directions, node spac'.ag is varied from
2 inches (50 mm) in regions of large temperature gradients to 24 inches h.

(600 mm) in areas where small temperature gradients occur. The model
S considers a two-dimensional cross section of the building. By dividing the

two-dimensional building down its vertical axis of symmetry, only half the -..

building need be modeled and an adiabatic boundary condition is imposed at
this axis as shown in Figure 63. The model is bounded by a second vertical
adiabatic boundar) sufficiently removed to minimize its impact on the heat
loss of the structure. At the bottom of the calculation region, the .
temperature is set at a constant deep-ground temperature.

The boundary conditions at the interior (earth-contact) wall and
floor surfaces are determined by calculating the convective and radiative
heat flux between the specified air temperature of the building and the
computed inside surface temperatures. A combined convective and linearized
radiation heat transfer coefficient is used in this calculation (see
Reference 18, Sensitivity of Room Thermal Response to Inside Radiation
Exchange and Surface Conductance, by Buchberg). The boundary conditions at ....

the ground surface provide for convective interchange with the air as well J,
as radiative (solar and infrared) and evaporative exchange with the
atmosphere. (For a detailed description of the heat balance at the ground
surface, refer to Appendix B.) Changes in moisture content and heat
transfer by convection and moisture migration in the soil are not explicitly
calculated. Baladi (see Reference 19, Transient Heat and Mass Transfer in
Soils, by Baladi) has shown that the pure heat conduction model is
relatively accurate for dry and moist soils with calculation errors ".
increasing as the moisture content and the soil porosity increases.

I•
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FIGURE 64
SOLMET Tape Format • ,

Note that the surface boundary condition model has been partially
validated by comparing ground temperatures predicted by the model to experi-
mental data recorded by the National Bureau of Standards for undisturbed
soil plots in Washington, D.C. (see Reference 20, National Bureau of 77,
Standards Report, "Earth Temperature Beneath Five Different Surfaces"). .

The model requires input of hourly dry-bulb and wet-bulb
temperatures, barometric pressure, wind velocity, cloud cover, direct -

normal, and diffuse solar radiatiop for a one-year period. The following
Sdocuments these inputs:

A%
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c. Hourly Weather Data - SOLMET. The heat balance at the ground-air
interface is performed once each hour. Hourly Solar Radiation-
Meteorological (SOLMET) (see Reference 21, SOLMET User's Manual, National
Climatic Center) weather dita input is read directly into the computer 0
program and allows an explicit calculation of the following heat flux
components: (1) convection-heat transfer, (2) solar heat gain, (3)
infrared radiation exchange with the atmosphere, and (4) latent heat of
evaporation from ground cover.

The typical meteorological year data base (IMY) (see Reference 22,
Typical Meteorological Year User's Manual, National Climatic Center) used in
the simulations represent a 30-year average of solar insolation and
meteorological data and is compiled directly from the SOLMET data base.
(Typical months for the 30-year period were selected and then spliced
together to make up one typical year--smoothing functions were used where

! each month was spliced together.) Figure 64 identifies the various
* insolation and weather parameters stored on the tape.

4. S14HARIES AND HEAT FLUX TABLES. A principal concern of the Navy in
* utilizing earth-sheltered building design is return on investment.

Consistent with this economic emphasis, this section provides tables for -
determination of below-grade heat flux as a function of climate, insulation ,z-•
thickness and depth, and degree of earth-sheltering. The primary objective
of these tabulated results is to enable the system designer to predict with
reasonable accuracy the monthly peak heat loads of earth-contact surfaces,
thus allowing HVAC equipment to be sized. A secondary objective of the
tabulation is to facilitate an overall understanding of the potential for
energy conservation through earth-sheltered construction techniques--that

* is, to quantify the seasonal energy performance of below-grade walls and
slabs for varying levels of earth-sheltering, insulation thickness and depth.

These procedures should not be misconstrued as the definitive solution
to predicting thermal performance of belowr-grade surfaces. If accurate
thermal performance data is required for a specific building configuration
and/or location, separate detailed hour-by-hour computer simulations must be -
carried out. Also, note that analysis methods are still under development.
For example, the boundary condition at the ground surface is still being
considered.

a. Description of Earth-Sheltered Building Configurations Modeled.
Four building configurations were modeled: (1) slab-on-grade, (2) half-berm,
(3) single-story full berm, and (4) three-story full berm. The
configuratio s wera selected so as to represent the full range of typically '-:-,.,
encountered earth-sheltered buildings. The four configurations were modeled V.
under identical interior, weather, and soil conditions. Only the insulation
thickness and depth .s varied in the simulations (Refer to Figure 102 for an .-g
index which tabulates the simulations according to building location,
installation thickness, and depth). In Section 6 a parametric analysis is
carried out t determine the sensitivity of the building's thermal
"performance to soil type. Cross sections through the four building
configurations are illustrated in Figures 65 through 68. These figures show
,he location o construction materials and dimensions.
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TABLE 5 p""

Building and Soil Properties Used in Computer Simulation

Thermal
"Density Specific Heat Condttvit__"

MATERIAL lb/ft3 kg/rn Btu/(Ib. ) kJ/(kg°C) Btu/(ft h'F) W/(m tc),•:• ~MATERIAL .::

Concrete 150.0 2403 0.230 0.963 3.900 1.5%6 .:@

a" Extruded Polystyrene 2.0 32 0.270 1.130 0.016 0.028 .. '.

Soil, Wet 120.0 1922 0.275 1.151 1.400 2.423

Average 114.0 1826 0.275 1.151 1.100 i.904

Dry 100.0 1602 0.275 1.151 0.400 0.692

•.,~

TABLE f
"Combined Surface Convection and Linearized Radiation Heat Transfer

Coefficients Used in Computer Model ,..,

Boundary at Direction Surface Conductance

Building Interior of Heat Flow Btu/ft 2 h OF W/m 2 oC

Floor Upward 0.78 4."

.Dwnward 0.19 1.1

wal' 0.60 3.4

S...>

b. Input Parameters. Refer to Tables 5 through 8 for a summary of
building and soil properties, heat transfer coefficients and building

interior dry-bulb temperatures, and constant deep ground temperatures input
into the computer model.

c, HPAt Flux Tables. C.omputer simujlation results of the dynamic
thermal performance of the four building configurations analyzed are4a 4hra • fu

.,, ,,:.



TABLE 7
Spec if ied Building Interior

Dry-Bulb Air Temperatures Used in Computer Model

Dry-Bulb Air Temperatures (OF)
Building Location .1 F M A M J J A S 0 N D

Minneapolis 70.0 70.0 70.0 71.0 72.0 73.0 75.0 74.0 72.0 70.0 70.0 70.0
Botn70.0 70.0 70.0 71.0 72.0 73.0 75.0 74.0 72.0 70.0 70.0 70.0
Sate70.0 70.0 70.0 71.0 73.0 74.0 75.0 75.0 73:0 71.0 70:0 70.0

Albuuerue 0.0 0.070. 710 730 7.0 5.075.0 73.0 71.0 70.0 70.0
P KeniX 70.0' 72.0 73.0 14.0 75.0 75.0 75.0 75.0 75.0 73.0 72.0 71.0
Miami 71.0 72.0 73.0 74.0 75.0 75.0 75.0 75.0 75.0 74.0 73.0 72.0

I OF 9 /50C + 32

TABLE 8
Constant Deep Ground Temperatures

Used in Computer Model

D~eep Ground Temperature

Location OF O 01

Minneaipolis 45.1 7.28
Boston 52.3 11.28 ws
Seattle 52.1 11.17

Kansas City %.7 12.61

Albuquerque 57.8 14.33%
Fhotnix 71.3 21.831
Miami 76.5 24.72

'~presented in Tables 21 through 42. Henceforth, these results will be
4 referred to as the "Heat Flux Tables." These are located in Appendix A.,
W Seven U.S. cities have been analyzed:LI

a Albuquerque o Boston
o Kansas City a Miami:1 o Minneapolis a Phoenix .;,

1.413 -.A
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depicted .in Figure 69. As one moves inward from the slab perimeter, heat ''S~~loss b~c~,es essentially constant at the 10-foot (3-rn) mark. On a ':-I• " " residentia. scale, heat loss occurring at the corner of the building becomes "'.,~-significanc when compared with the total loss of the earth contact slab and •-
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buildings.
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COse III- R-20 (h ftZ F/BItu) ',f insulation to a depth of 4 feet (1220 mm)
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FIGURE 70
Annual Floor Heat Loss Minneapolis Slab-on-Grade ... ,
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Case
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CAse It Uninsuoted
Case II: R-10 (h ft2°F/Btu) insulation to a depth of 4 feet (1220 mrn) .

I Btulh ft 2 s 3.15S6 W/mr C.,

FIGURE 71
Annual Floor Heat Loss/Gain Miami, Slao-on-Grade Building

Figure 102 in Appendix A identifies seven major climatic regions of
the U.S. Each region is represented by one of the seven cities analyzed.
To obtain heat flux data for a particular location, the designer should: (1)
find the region from Figure 102 which his building site falls within, (2)
identify the representative city for that region (indicated in Figure 102),.
(3) refer to the appropriate heat flux tables in Appendix A for that city,
and (4) use the Heat Flux Table with the nearest R-value for the

k insulation. It is important that the designer understand that this
tabulated data only represents a set of specific climatic conditions and is

%. .1'.
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Case (if: R~-20 (h ft 20F/Btu) insulation to u depth of 8 feet (2440 mm)"" Case IV: R-10 (h ftul F/Btu) insulation to a depth of 13 feet (3960 mm)

I Btu/h If2 = 3.1546 Wfmr2

::;I '-;._'
"FIGURE 72 ,'. -

Annual Wall and Floor Heat Loss Minneapolis,
'Full Berm, 1-Story Building

not intended to represent all microclimatic regions of the United States.
Hiowever, the seven cities which were analyzed will provide a data base which
in broad enough to: (i) optimize insulation thickness and depth, (2) provide
heat flux information for sizing HVAC equipment, and (3) compute the

integrated annual heat loss and gain of earth-contact surfaces.

d. Results and Discussion. Wall and floor thermal performance resultsfor the slab-on-grade, full-berm one-story, and full-berm three-storybuildings in Minneapolis and Miami are discussed.
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FIGURE 73
Annual Wall and Floor Heat Loss/Gain Miami,

Full Berm, 1-Story Building

.9. ". , 9

Figure 70 shows that adding perimeter insulation to the

, lab-on-grade building in Minneapolis significantly reduces floor heat

losses. In Miami, perimeter insulation reduces floor heat losses in the
winter and gains in the simmer (see Figure 71). However, these benefits are

not nearly as significant as in the northern climates. A cost-benefit ,.\ /
' analysis would have to be carried out to determine if the reduction in

building heating and cooling requirements offsets the capital investment in

Insulation.

Heat loss through the earth-covered walls for the full-berm

one-story building in Minneapolis is substantially reduced by adding 2
inches (50 mm) of insulation to the exterior of the wall to a depth of 8
z. .t (2.4 i). See Figure 72. Mditional levels of insulation produce only

:.-ginal improvements in thermal performance. Slab thermal performance is

.&arly identical for cases I, II and III. However, a significant reduction
in slab thermal performance is observed in case IV. In this case, heat loss

from the lower portion of the foundation wall is reduced by carrying
insulation down to the footings, thus producing colder ground temperature.

These colder ground temperatures increase heat loss from the slab.
Insulation produces only marginal improvements in thermal performance in

. Miami (see Figure 73).

Several interesting points can be drawn from Figures 74 and 75 for

.'• the full-berm three-story building. First, ground coupling effects ,

significantly reduce the amplitude of the wall's heat loss profile as one
*i moves down from the upper to the lover levels. Second, the time-lag effects '9

for the wall heat loss at levels two and three of the building ar;e-.
substantial. The lag can be months in duration. Peak heat losses do not

%i occur until mid-July in Minneapolis. The thermal lag exhibited by caces I .-

and II !n Miami, demonstrate the beneficial effects of ground coupling.
, Slab heat loss offsets cooling requirements during the summer months while

,.1.4-139.-...
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heat gains offset heating requirements during the winter months. However,
these benefits may not be that significant when compared to the building's
total space conditioning requirements. Nevertheless, cooling benefits
derived from earth-contact surfaces may be very useful in reducing peak
cooling requirements. Thus the initial cost of cooling equipment may be
reduced correspondin& to the reduced peak loads.

In general, the floor heat loss/gain has the maximum ground
coupling of all the building configurations analyzed. The slab heat loss *is
very sensitive -.n the interior air temperature due to the relatively
constant ground temperature compared with the variable outdoor air
temperature.

J 5. SAMPLE LOAD CALCULATION PROCEDURES. This section presents methodologies
for estimating the thermal performance of earth-sheltered buildings.
Results of the detailed computer simulations, presented in the Heat Flux
Tables provide a basis for estimating peak loads and annual energy
performance of earth-contact surfaces.

a. Sizing of Heating and Cooling Systems.

(1) Space Heating Load. Heat loss calculations consist of*
estimating the maximum probable heat loss of each room or space to be heated
while maintaining a selected indoor air temperature during periods of design •_j
outdoor weather conditions. Heat losses consist primarily of:

o Transmission Losses. Heat transferred through exterior walls,
windows, roof, floor, and earth-contact surfaces.

o Infiltration Losses. Energy required to warm outside air
which leaks through cracks Around doors and windows.

o Ventilation Requirements. Energy required to warm outside air
to room temperature for ventilation purposes.

(a) Calculation of Transmission Heat Loss for Above-Grade
Surfaces. See ASHRAE criteria (Reference 13) for tables and procedures for
computing overall heat transmission coefficient for building materials for
walls, floors, ceilings, glass, and doors. For all facilities, use outside
design temperatures from 97-1/2 percent column in Army, Navy and Air Force
manual, Engineering Weather DUta, NAVFAC P-89 (see Criteria Sources). For
inside design temperatures, refer to NAVFAC DH-3.3 (Chapter 3, Heating W
Systems).

(b) Calculation of Transmission Heat Loss through
Earth-Contact Walls. To estimate the transient heat loss through basement
and earth-contact walls, the Heat Flux Tables located in Appendix A must be
used. Heat loss is estimated by means of:

q - (A) (LS1 ) (1)

WHERE:
q - heat transfer through the earth-contact wall (Btu/h)
A a area of earth-contact wall (ft 2 )
LS= peak heat loss (see Heat Flux Tables) (Btu/h ft 2 )
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Case 1: Uninsulated Month,% -.

Cft2*F/Btu) of insulation to a depth of 8 feet (2440 mm)
Case II1I- R-2o Ch ft2°F/Btu) of insulation to a depth of 8 feet (21.40 mm)
Case IV:* R-I0 (h ft 2 oF/Btu) of insulation to a depth of 16 feet (4880 mm)
I Btu/h ft2 . 3.1S546 W/m2 -• ' '

F IGURE 74
U) Annual Wall and Floor Heat Loss Minneapolis,

Full Berm, 3-Story Building
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FIGURE 75
S"Annual Wall and Floor Heat Loss/Gain Miami,

Full Berm, 3-Story Building 71-:7.

(c) Calculations of Tzansmission Heat Loss Through
Earth-Contact Slabs. The transient heat loss through earth-contact slabs is
calculated in a manner similar to that of earth contact walls. Slab heat
loss is calculated by:

q - (A) (S 2 ) (2) ,.
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WHERE:
q - heat loss through the floor (Btu/h ft 2 ) .

A = area of floor (ft 2 )

LS 2 = peak heat-loss of the slab perimeter or interior (see Heat Flux
Tables) in Appendix A (Btu/h ft 2 )

The Heat Flux Tables only apply to buildings which are approximately 50 feet Ks'".

(15 m) in width or greater. If these methods are applied to conditions
where the building is smaller in width, below-grade heat losses will be *' '.
underestimated because of the neglected three-dimensional corner effects..-.

(d) Calculation of Sensible Heat Loss Due to Infiltration and 0

Ventilation Air. Heat load- due to infiltration and ventilation air is a
function of quantity of air and design inside and outside temperature
difference. Refer to NAVFAC DM-3.3 (Chapter 3, Heating Systems) and ASHRAE %
criteria (see Reference 13) for methods in estimating the quantity of

infiltration and ventilation air.

The following example problem illustrates the use of the Heat Flux
Tables for estimating the peak heating load of a partially earth-sheltered
building. This analysis demonstrates the use of earth-sheltered design
procedures in conjunction with above-grade procedures.

(2) Example Problem 1. Calculate the heat loss rate at design
conditions of the two-story earth-sheltered office building (see Figures 76, ,.*.,.

77, and 78) located in Minneapolis, Minnesota. From NAVFAC P-89, Chapter 1, /-. .
design outdoor conditions are -16*F (-26.7°C) and 15 mile/hour (24 km/h).
wind speed. Estimate infiltration losses by the air change method. Ignore
internal heat gains. For earth-contact heat fluxes, use January design
values from the Heat Flux Tables. Assume an indoor dry-bulb temperature of
70*F (21.1C). The building is constructed as follows: ..-. v

ABOVE-GRADE WALLS: 0.5 inches (13 mm) gypsum board, air space, 12-inch
(300-mm) concrete block, 2-inch (50-am) extruded polystyrene insulation,

S1-inch (25 mm) air space, face brick. Overall heat transfer coefficiency _
0.0726 Btu/ft 2 h OF (0.4122 W/m2 K).

ROOF: Acoustical tile, 24-inch (610-"") air space, 20-gauge metal deck,
'; 0.75-inch (19-mm) perlite insulation board, 2-inch (50-mm) isocyanurate foam 't.,

insulation board, 4-ply built-up roof. Overall heat transfer coefficient '
'' 0.0526 Btu/ft 2 h OF (0.2987 W/m2 K). -

WINDOWS: 1-inch (25-mm)_insulating glass. Overall heat transfercoefficient - 0.58 Btu/ft 2 h OF (3.29 W/m2 K). ."'-

BELOW-GRADE WALLS: 14-inch (350-m) cast-in-place concrete with 2
inches (50 mm) of extruded polystyrene insulation board applied to the .-

S exterior wall to a depth of 8 feet (2438 mm).

EARTH-CONTACT FLOOR: 6-inch (150-mm) concrete slab.

SOIL: k - 1.10 Btu/h ft *F (1.904 W/m K), density = 114.0 lb/ft 3

(1,826 kg/m 3 ), Cp - 0.275 Btu/lb OF (1.1514 kJ/kg K).
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"• ~~~Lower story below grade/ ''''

" ~~~FIGURE 76 ,N'
.•Isometric of Building Used for Example Problem I

j%

150 ft 150 ft
(45720 mm) 1(45720 MM

drI W I __YyI I-.

Itf m kT X* a" h~gl+glg l'gigg 01' b v " IIIIII' I : 1__ /

N;7ber of Occupants byoom ,ye.,,m.r of Occupnts by Room Type :
" Perimeter Zones Interior Zones Perimeter Zones Interior Zones ••,

.5 k. 6 p 7-t7
b. 5 L 14 P. 7 x. 1

d. r. 5 z. 0

e. 1.
f 0 V.

I.. 0rw.",

L 0 W

FIGURE 77 FIGURE 78
Diagrammatic Plan of Building Used Diagrammatic Plan of Building Used
for Example Problem 1-Exit Level for Example Problem I-Below-Grade Level "-'

SOLUTION: Calculations for this problem are presented in Table 9. The
values in Column F of Table 9 were obtained by multiplying together the
values in Columns B, C and D/E. See reference notes for Table 9 for further
explanation of the data. %

1.4-144

J% +,,N•, ;• ,.,_,.,' +'""•'•K"•% '" .',"",'.,.'+': " -.. ',,, .",''."", "'','.,.'/,'..'.,'.'.;';"3' .+"++. . -. '. + +"" %"".

/%



TABLE 9 ::.
Heat Loss Calculat-ion for Example I.

A B C D E F LAI!

Net Exterior U-Value Temp. Heat Loss Rate for Heat -

Heat Less Component Area ar Air Coeff icient Diff. Earth Contact Surface Loss
Volume Btu/h f t2 oF OF Btu/h f t2  Btu/h V

Roof 10,500 ft2  0.0526 86 47,500

Above Grade Walls 4,400 ft2  0.0726 86 27,470

Below CioLe Walls 5,280 ft2  3.23 17,050

Windows 880 ft2  0.580 86 43,9W0-

Entry Door in South Wall1 50 ft 2  0.083 86 360

Ecrth Cortact Floor
Slob Perimeter 7,200 ft2  0.98 7,050

Earth Contact Floor
Slab lnter~or 3,300 ft2  0.79 2,600

Inf iltration 34,000 ft3/h 0.018 86 S2,630

Ventilation Air 52,800 ft3 /h 0.018 86 81,730

TOTAL LOAD28,9%

a. Calculated from gross wall area, less fenestration and doors. r.' -

b. Vo urne of I nf IlItrcti on, f t3/h = (number of ai r changes/ hour) x (f loor area) x (ceil ing height)

C. 0.018= Btu/ft3 OF
d. Outdoor air introduced for ventilation, ft 3/h =(number of occupants) X (S ft 3/mIn./occupont) .

x (60 minutes/hour)

e. Value extracted from Table 30.%

Conversion formulas:
i ft 3 

=0.0233m
3

____

I lft2 -3.0929 m2

I Btu/f t3 oF- 67.0661 kJ/m 3K ~c
I Btu/h f t2 OF - 5.6783 W/m2K X
I Btu/h f t2 . 3.1546 W/m2

I OF = 9/50'C + 32
I Btu/h 0.2931 W

.* P.
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(3) Space Cooling Load. The space cooling load is the rate at
which heat must be removed from a space to maintain the room air temperature
at a constant value. The summation of all space instantaneous heat gains
does not necessarily equal the cooling load for the space at that time. The
thermal storage effect of the building mass tends to. delay the transfer of
heat to the room air. These thermal storage effects are important in "
determining cooling equipment capacity. For a comprehensive review of heat
transfer principles related to sizing cooling equipment for buildings, refer
to •AVFAC DM-3.3, Chapter 5, Air Conditioning-and Dehumidifying System, and

S..ASHRAE criteria (see Reference 13). The subsequent sections reviev cooling
4' load calculation procedures as applied to earth-sheltered building.

Calculation procedures for above-grade buildings are also included since "
. many earth-sheltered buildings incorporate above-grade building spaces into

"the design.

Gaishrogh(a) Calculation of Cooling Load Due to Transmission Heat
Gains Through Above-Grade Walls and Roofs. Refer to ASHRAE criteria
(Reference 13) for calculating transmission and solar loads. For "U" factor F :"
for type of construction involved, see ASHRAE criteria (Reference 13). $"""

(b) Calculations of Space Cooling Load Due to Solar Heat Gain
Through Windows. Refer to NAVFAC DM-3.3, Chapter 5, for design procedures
for calculating solar heat gain through glass. Also, refer to ASHRAE
criteria tables (Reference 13) for shade and storage factors.

(c) Calculation of Transmission Heat Loss/Gain Through .•:.:

Earth-Contact Walls. Use the Heat Flux Tables to estimate earth-contact
wall heat fluxes during summer months. Heat lops or gain can be estimated 4

by means of:

q -(A) (LS 3 ) (3) .'-,.

-q • .% .%

q aheat transfer through the earth-contact wall (Btu/h) ••..

A - area of earth-contact wall (ft 2 )
LS 3 - peak heat loss/gain for summer design conditions from the Heat I..a"

Flux Tables (Btu/h ft 2 )

(d) Calculation of Transmission Heat Loss/Gain Through Earth-
Contact Slabs. The slab heat loss, or gain, during summer design conditions
is given as:

"q = (A) (LS 4 ) (4)

WHERE:
q - heat loss/gain through the floor for sumner design conditi no

(Btu/h ft 2 ) .7-
A - area of the floor (ft 2 ) _
LS4 - peak heat loss/gain for summer design conditions. (Btu/h f 2)

See Heat Flux Tables in Appendix A.

I... (e) Calculations of Space Cooling Load Due to Lights an
.4 equipment. See ASHRAE criteria (Reference 13) for calculating heat lo d due

to lights and equipment.

1.4-146.

._, .. ,5. _ - , S •,•- ., -,-..' 5,,, i-,...-, ,-.
5 

-. •-..... * •. 5.• ,.-.,- -... • . . . .-- .•- , ... ,...
% %



determination of space cooling load (sensible and latent) due to the people
S refer to ASHRAE criteria (Reference 13).

(g) CalculaLT-'n of Space Cooling Load Due to Ventilation and
I Infiltration Air. For procedures in estimating the outside air load refer

to NAVFAC DM-3.3, Chapter 5.

(4) Example Problem 2. Calculate the total cooling load, at
ý4 design conditions, of the two-story, earth-sheltered office building (Figure

76, 77 and 78) located in Minneapolis, Minnesota. Refer to example problem _"__""
I for a description of building construction. From NAVFAC P-89, Chapter 1,
outdoor design conditions for Minneapolis are: dry-bulb temperature 92°F
(33*C); daily range, 23*F (-5*C); wet-bulb temperature, 75 0 F (23.9*C); Wo3 0.0148 lb vapor/lb dry air. Indoor design conditions: Dry-bulb

• temperature, 78*F (25.6*C); wet-bulb temperature, 65*F (18.3*C); Wi =
0.0102 lb vapor/lb dry air. Occupancy: 176 office workers from 8 A! to A

~ 5 PM. Lights: 52,500 watts (2.5 watts/ft 2 ), non-vented fixtures, 1.om .
AM to 6 PM. Equipment: 10,f0 watts (0.5 watts/ft 2 ). .- -r"h-.ontact
heat fluxes, use August design values from the He%t Flux Tables.

SOLUTION: Calculations for this problem are presented in Table 10. It
may be necessary to make some trial cooling load calculations to determine
the time of the maximum load. The cooling load results presented in Table
10 represent the total instantaneous space cooling load of the entire

*.4 building. Cooling requirements for each zone must be calculated on an
individual basis. See reference notes for Table 10 for further explanation

• " of the data.

(5) Limitations of the Cooling Load Calculation Procedures
Presented in this Section. One of the inherent limitations of the data
presented in the Heat Flux Tables is that the computer simulations were
performed with fixed interior air temperatures; that is, the interior air

A4 temperature was not allowed to float. Also, the simulations did not account
J*; for radiant heat transfer from people, lights, and equipment to the earth-

contact surfaces. Consequently, the peak cooling loads, as estimated by the
procedure presented in this manual, may be slightly overestimated since the - -

,ii cooling potential of earth-contact surfaces to remove the radiant portions
of unwanted heat from internal sources is not modeled. Note that the

i cooling load factors (CLF's), which are utilized in this manual, do account
i for the thermal storage effects of the building mass. However, these

factors are based on the thermal performance of above-grade structures.

Refer to Appendix C for Worksheets which will aid in the
calculation of peak heating and cooling loads of earth-sheltered b'iildings.

If extremely accurate thermal performance data is reqt:;:'ed for

a specific building and/or location, separate detailed hour-by-hour c€ymputer
simulations must be carried out. In the near future, computer pr.ograms (for
main frame computers) will be available for simulating the thermal
performance of below-grade structures on an hour-by-hour basis. It should
be noted that the use of these programs can involve a significant amount of
training, preparation time for input data, and computing time.
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b. Integrated Annual Energy Consumption. The calculation of annual

•. energy requirements for large earth-sheltered buildings is somewhat more
difficult to calculate than the peak load. A thorough analysis of the total
energy balance must be made in order to accurately establish the energy

.. requirements of the building. The degree-day concept is not accurate enough
-;. for determining annual energy requirements for large above-grade buildings

since this method solely relies on the isolated item of heating. Cooling
rather than heating ts necessary in many winter situations within buildings
of the modern multifunction type. This is a very typical situation in
earth-sheltered buildings where envelope losses are minimized. It is r!4
becoming cost-effective to recover excess heat from the core of the building
and utilize it in perimeter zones. These requirements further complicate
calculation procedures.

Because of the complex nature of all factors involved, no simple
method has yet been developed for estimating the energy requirements oi
large earth-sheltered buildings. Currently, the only accurate way of
estimating these energy requirements is the use of computer simulation

.. ] -- programs which perform L.our-by-hour calculations. An, alternative to
computer simulation is the use of the "variable-bin" method. The
"variable-bin" method consists of performing an instantaneous energy

calculation at many different outdoor dry-bulb temperature conditions, and
multiplying the result by the number of hours of occurrence of each
calculation.

The reeainder of this section presents methods for estimating space
conditioning requirements of earth-sheltered buildings. The "variable-bin"
concept' is used in conjunction with the Heat Flux Tables. For a complete
description of the variable method, refer to ASHIRA Systems Handbook (see
Reference 23).

(1) Thermal Performance of Earth-Contact Surfaces. To estimate
the annual hea.t loss/gain of earth-contact surfaces, refer to the Heat Flux
Tables and then carry out the following procedure:

(a) Determine the location of the building and select the .4.

region which the building site falls within (see paragraph 4.c, and Figure
107).

(b) Select one of the four building configurations available
which most closely approximates the building type under study (see paragraph
4. and Figures 65 through 68).

(c) Select the insulation thickness (see Figure 102).

(d) Enter the Hoat Flux Tables at the appropriate building
configuration and constru:t:ot. component. To obtain the heat loss for any
monthly period multiply the area of the surface in question by the average
heat loss (under the heading "AV!- HEAT LOSS") by the number of hours heat is
being lost (under the heading "HRS HT ON"). To obtain heat gains, use tho
heat flux values under the headings "AVE liT GAIN" and "ERS CL ON".

The above procedure can be repeated for other levels of
earth-sheltering and insulation thickness to determine cost effectiveness of
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various building alternatives, that is, to perform an economic analysis
based on energy performance.

(2) Total Space Conditioning Requirements. To accurately ent~mat*
the space-conditioning requirements of earth-sheltered buildings, thei "variable-bin" method must be used in conjunction with the Heat Flux
Tables. The "variable-bin"' concept is based on the fact that energy used in
a certain period of time equals the average load times the number of hours.
The first principle to keep in mind when using this method is that the
"bins" should be selected so that there is no qualitative change in the mode
of operation within the bin. The second principle is that within each "bin"j an average load is calculated with average climatic and building data. This
average times the time length of the bin gives part of the consumption.
This averaging gives results which are very similar to hour-by-hour
calculations.

it is important to identify the bins which represent different] usage functions. For example, the energy required to condition outside air
would require a minimum of two bins: one bin for preheat (winter months)
and a second for cooling (cooling months). Additional modes would be
created by the various operating modes of the system or component. For *e

instance, additional bins would be required if the fans are not operated
duin nocuid ousor ifthe prmtrheating sytmis ntused

during summer months.

Note that the more bins created, the more time spent on
calculations. For large buildings with variable load profiles (for example,

a profile which has 100 percent internal heat gains during the day and 0
percent internal loads at night), two bins are required to describe these
conditions. During the day, perimeter zones may not require any heating
during winter months because of high interior heat gains, however, at night

-A heating may be required to offset envelope heat losses. This same concept
* also applies to earth-sheltered buildings; envelope loads are reduced to

such a point that internal heat gains may be more than adequate to offset
theice losses. Refer to the preceding section for calculation procedures on
estimating the monthly thermal performance of earth-contact surfaces.

coicidnt The bin method may be used with or without refinements such as
coicidntwet-bulb conditions, depending on the anticipated impact of the

additional parameters. Weather data for use with the bin method is
available in NAVFAC P-89.

The "variable-bin method" of energy estimating has the
advantage of allowing building zones with complex operating schedules to be
analyzed. This permits the user to accurately predict effects, such as
reheat and "free cooling," that can only be guessed at with less
sophisticated procedures.

Appendix C contains worksheets which are formatted to use the
variable-bin method.. To calculate the annual heating and cooling
requirements of an earth-sheltered building, Worksheets A and B must be
used. Depending on the number of different zone operating temperature
schedules, Worksheet A (Climatological Data for Use in Calculating Energy
Consumption) must be filled out a minimum of 12 times, once for each month.
Worksheet B (Heating/Cooling Load Calcultions, Integrated Value) must be
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filled out for each zone of the building for each month and bin c-ndition.
The total annual heating and cooling load of the building is the summation
of the totals on Worksheet B for each zone and bin condition.

Writing a computer program to perform these computations may
be more expedient in the long run.

6. EARTH-COVERED ROOFS. The large thermal mass associated with
earth-covered roofs dampens the continuous fluctuations in the external air

4.., temperature. Earth-covered roofs are more than capable of countering the
radiant heat gains (solar) if plant cover is provided and well irrigated
(See Reference 26). Vegetation-covered roofs can provide net cooling
benefits during the cooling season. These benefits are significant, but
typically will reprecent less than I percent of the total building cooling
load (commercial- or institutional-scale buildings). Thus, an important
distinction between earth-covered and conventional roofs is that an
earth-covered roof may provide cooling benefits while a conventional roof
would add to the total cocling load.

During the heating season, an earth-covered roof's annual energy
performance will be similar to that of a well-insulated conventional roof.

The difference in energy performance is directly dependent on the depth of S.
earth cover and the amount of insulation applied to ýhe conventional roof.
Winter peak design loads of the two roof types will La similar unless large
amounts of earth cover are applied to the roof (over 1 foot (300 mm)). It
may be diflicult to justify an earth-covered roof wich small amounts of
earth cover (6 inches (150 mm)) on a transient basis, since a roof of this
type will nearly reach steady-state heat loss conditions over reriods when
cold fronti exict for days or weeks at a time. Earth-covered roofs with
large amounts of earth cover should be analyzed by considering the thermal
mass when determining the peak heating loads of the roof component.

If very accurate thermal performance data is required, hour-by-hour
computer simulations must be carried out to predict the peak and annual
energy performance of the roof component (heating and cooling).

7. SENSITIVITY OF BUILDIG THERVAL PERFORMANCE TO SOIL TYPE. A parametric
analysis of the thermal performance of earth-contact surfaces as a function
of soil type is presented below. Tabulated results are presented for
Miuneapolis and Phoenix.

The thermal parformance of earth-contact surfaces is very sensitive to
soil thermal diffusivity. To partially quantify these effects, computer
"simulation results of the thermal performance of the slab-on-grade and
full-berm one-story buildings, for various soil types, are presented in
Tables 11 through 14. The two cases selected for analysis were modeled
under identical interior and weather conditions. Only the soil type and
level of insulation are varied. Simulation results (heat loss and gains) 16
are presented on an integrated annual basis. Z1

Several interesting points can be drawn from Tables 11 and 12 for the
slab-on-grade building. First, note that the slab thermal performance, for

the three soil types, varies substantially from the northern climates
•gp~ (Minneapolis) to southern climates (Phoenix). For example, annual heat

1.4- '
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TABLE II11

" Sensitivity of Slab Thermal Performance to Soil Type,
Slab-on-Grade, Minneapolis

Annual Heat Loss

.Soil Type Btu/ft Normalized

Uninsulated
Average 13,187 100

Dry 9,175 70
V,.-t 14,982 114

771 Insulated
Average 10,572 100

Dry 6,183 58
Wet 11,873 112

Foot-,otes"
I. Insulation thickness 4 in (102 mm),

depth 4= ft-0 in (2.44 m) -

2. Refer to Table 7 for thermal properties of the
three soil types.

.'~.-. I Btu/ft 2 = I 1.3559kJ/m 2

TABLE 12
Sensitivity of Slab Thermal Performance to Soil Type,

Slab-on-Grade, Phoenix

Soil Annual Heat Loss Annual Heat Gain

Type Bl Normalized Btulft Normalized
0*..'• Unlrsulated

- Average 3,134 100 466 100
% Dry 2,8M 92 105 22

Wet 3,396 108 764 164
Inulated Average 2,125 100 1 193 100

Dry 1,638 77 108 55
Wet 2,347 110 218 110

I. Refer to Table 5 for thermal properties of the three soil types.
2. Insulatlin thickness z 2 In (SI mm), depth 4 ft-0 in (2.44i m).

1 Btulft 2 11.3559 kJ/m7

loss in Minneapolis and Phoenix is reduced by approximately 40 percent and
20 percent, respectively, by going from the average to the dry soil. Thi3

bl discrepancy makes predictions for intermediate climates ,'ifficult. Second,
A`-N.%". the thermal performance of the slab during summer months is more sensitive

to change in soil type than the thermal performance during winter months.
-.. , This is largely attributable to the magnitudes of heat fluxes involved. In
I* .. Phoenix, slab thermal performance during the summer months (heat gains) will.

vary up to 80 percent depending on soil type. Examination of Tables 13 and

P.,
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TABLE 13
"Sensitivity of Slab and Wall Thermal Performance to Soil Type,

0*". Full Berm, 1-Story Minneapolis

5 alAnmuol Heat Lso 0

T Btu/ftZ Normalized Btu/ftZ Normalized
Unlrsuloted

Average 30,808 100 8,301 100
Dry 23,004 75 4,533 55
Wet 32,737 106 9,563 II5Insulated...: Average 21,517 100 8,550 100

Dry 17,227 80 4,612 54
Wet 22,720 106 9,886 116

Footnotest
I. Irsulation thickness = 4 in (102 mm), depth = 8 ft-0 In (4.8 m).
2. Refer to Table 5 for thermal properties of the three soil types.

I Btt/ft2 I 11.3559 kJ/m 2

16 reveals that slab thermal performance is influenced to a greater degree A

by changes in soil type than by the wall construction of the full-berm
0 one-story building. This is largely due to the stronger coupling of the

%J" floor to the ground environment and the magnitudes of the heat fluxes
involved.

In short, the simulation recults presented in Tables 11 through 14 can
be applied with reasonable accuracy to correct the heat flux data for
Minneapolis and Phoenix Heat Flux Tables located in Appendix A for very wet
or very dry soil conditions. Caution should be exercised when applying the
corrections for other locations. For example, correction factors could be
obtained for other locations by interpolation based on heating and cooling
degree days. However, this methodology assumes that the correction is
linear, when in realit- it would be non-linear.

If extremely accurate thermal performance data is required for soil. %
c onditions other than those simulated, separate simulations must be carried
out. %

1.415i %. ' .%
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Sensitivity of Slab and Wall Thermal Performance to Soil Type
. Full Berm, 1-Story, Phoenix

-
"4

, OIANNUAL HEAT LOSS

SOLWALL SLAB
% TYPE Btu/ft Normlized Btuftz Normalized

Uninsulated Average 7090 100 541 100
% Dry 4432 63 911 59

Wet 8041 113 1763 115

Insulated Average 4393 100 1570 100
.4.-. Dry 3318 76 921 59

W Wet 4880 111 1803 115

....

ANNJUAL HEAT GAIN
SOIL WALL SLAB

TYPE Btut 2  Normlized Btu/f t Normalized

SUnisulated Average 1329 100 477 100
"Dry 175 13 336 70
Wet 1737 131 501 10S

Imulated Average 374 100 463 100
Dry 127 34 3/40 73
Wet 535 143 494 107

I Refer to Table 5 for thermal properties of the three soil types.
2 Insulatlat thickness 2" (SI mm), depth V'-0" (2.44 in).

I Btu/ft2 , 11.3559 kJ/m2

I.

%U

1.4 1.5

- V.. , 
.
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Section 19. DESIGN EXAMPLES

1. GENERAL. The design example presen-ed in this Section is restricted to
a single program and site, a Naval and Marine Corps Reserve Center in
Cincinnati, Ohio. Two basic configurations, a half-bermed and full-bermed
structure, are developed schematically. The life-cycle analysis addresses
the major cost variables and utilizes the Heat Flux Tables in Appendix A to
determine the energy performance of each configuration. One of the two
configurations is carried through to final schematic design.

2. PROGRAM REQUIREMENTS. The program divides into two sections: the
administrative functions and the training functions. In terms of their
impact on space conditioning, the administrative portion is used daily and
has a normal thermostat setting-78*F (25.6C) for cooling and 68*F (20C)
for heating. Except for some storage functions with heating to 55"F
(12.8"C), the training functions have the same temperature requirements as
the administrative functions. However, the schedule of occupancy for the
training functions is intermittent, normally with weekend occupancy only. A
thermostat setback to 55"F (12.8C) is required for these functions. "S

Table 15 lists the required area for each training function according to
location velative to an exterior wall. Classrooms, for instance, must have
natural light. (They must also have windows for fire rescue and .ventilation
if the building does not have an automatic sprinkler system.) On the ather

N! hand, the assembly room, Navy storage, flammable storage, garage, and
mechanical room, must be located on an exterior wall for vehicular access.
Table 16 provides similar data for the administrative functions. A vehicle
maintenance facility that is separate from the main building is also
required. The functions for this part of the program are given in Table 17.
A summary which includes a projected estimate of total gross area is given
in Table 18. '.

3. TOPOGRAPHIC FEATURES. The site is on the same zoning lots as the V.
existing reserve center. The existing main building and ancillary buildings
must remain functional until the completion of the new reserve center. The
site, in general, slopes from east to west (see Figure 79). The western
edge has a slope of over 40 percent.

It would be impractical to locate the building near the lease line :4

because surface drainage would be towards the building with little room for
a drainage swale to divert the water around the building. Due to the volume
of water coming off the slope, catch basins would probably be required to "
prevent erosion even if a drainage swale could be developed. This location
would also tend to increase tAhe amount of underground water against the
backwall of the building.

Significant excavation of the sloped area will probably increase
construction costs in terms of both excavation costs and construction
access. Measures would have to be taken to evoid erosion of the slope
during construction. The stability of the slope must also be taken into
consideration. A visual examination of the actual site reveals evidence of
slope instability in the form of old landslide scars, slumps, and bowed
trees.
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TABLE 15
Space Allocation by Mechanical, Natural Light, and Accesa

(Training Funct ions)

NET AREA IN SQUARE FEET

Functions with Intermittent Use or Low Ambient Temperature

Windows or No Windows or
q:, ~Exterior Doors Exterior Doors •-'

Assembly 2,250
Classroom 800
Classroom 500
Classroom 620
Classroom 825
Project Room 60
Dentist 130
Medical Administration 520
Doctor 90
Storage (Medical) 120
Examination Room 80
Toilet Room (Medical) 40
Multimedia, Navy 400
"Multimedia storage 60
Training aids, NaVe 700
Training aids, Marine 400
Ma. ie room 120
Storage, Navy 950
Storage, Marine 4.75
Armory, Marine I00M
Lockers, Marine 1,660
Lockers, Navy 760
Drying Room 70
Shower Room 120
Men's Toilet Room 280
Women's Toilet Room 120
Women's Shower 40
Women's Drying Room 25
Women's Locker Room 110
Jonitor Nv, 80 s
Janitor, Marine 80 a
Flammable Storage 70 " -

Garage 500
S.Mechanical Equipment 800

Walls aid Partitions (5%) 386 327
8,101 6,867

(each column)
Subtotal 14,968
(both columns)
Circulation
(IS percent) 2,245

TOTAL 17,213

I ft 2 =0.0929 m2
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"TABLE 16 .'

Space Allocation by Mechanical, Natural Light, and Access
(Administrative Functions)

.-....

NET AREA IN SQUARE FEET

Functions with daily use and normal thermostat setting.

Windows or No Windows or O
Exterior Doors Exterior Doors "

Recruiting, Navy 300
Recruiting, Marine 260
Conference Room 1,520
Crew's Lounge 450
Navy Active Administration 370
Navy Unit Administration 1,290
C.O. Office, Navy 240.
Ex.O. Office, Navy 130
Reserve Office, Navy 135
Reserve Office, Navy 135
Office, Navy 200
Office, Navy 210
Office, Navy 100
Marine Active Administration 690
Marine Unit Administration 1,860
Reserve Office I .O
Reserve Office 150 ....
I and I Office 105
I and I Office 105
Men's Toilet Room 90
Women's Toilet Room 40
Janitor 30

Walls and Partitions ,"..
(5 percent) 370 88

Subtotal 7,770 168
(each column)

Subtotal 7,938
(both columns)
Circulation 1,190(15 percent) """

TOTAL 9,128

I ft2 -O.0929 m 2  . "-

-J

V .*1 .1..
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Progra AreaTabul TABLE 17
Program Area Tabulation for Vehicular Maintenance Facility

Vehicle Maintenance Facility Gross Area in Square Feet
2 Boys Vehicle Maintenance 960

Maintenance Office 90
Tool Room 90
Toilet and Shower 50
Lead/Acid Battery Room 75
Flammable Storage. 65
Silver/Zinc Battery Room 60
"Electrical Maintenance 240
Jeep Radio Room 170
Radio Issue 45

.' Communication Storage 575
General Storage 390
Mechanical 50
TOTAL NET 2M,

I f t2 0.0929 m2.

4. CONTEXTUAL CONSIDERATIONS. In general. all of the steeply sloped areas .- '.

.have trees with some undergrowth. The site is much higher than the

surrounding terrain to the west and uffers an exceptional view in. this .

direction. Land use to the east as well as to the north (see Figure 79) is

residential. Because the site is within view of the residential areas, it

will be visually appropriate to minimize the industrial aspects of the

facility (the vehicle maintenance and storage yards, in particular). The

roof of any single-story structure within the site will be visible from the ..-.

approaches to the east. If the building elevation is set low euough to .

allow a full berm, the roof may even be visible from the entrance road.

"Consequently, the attractiveness of the roof will be a major consideration.

5. SITE ACCESS. Whether or not the final building is substantially earth-

sheltered, the slope of this site allows handicapped access to a two-level 4

building without the use of elevators. Assuming thet the training functions

are located on a •nwer level and the administration functions are located on

an upper level, pedestrian and vehicular access to the lower level will be
from the northwest corner of the site while administration (and the main

"-• entkance) can be accessed from the east. -*-.'

6. BUILDING ORIENTATION. There are basically three building alignments
Sthatý are suggested by the existing site features. These are: alignment with

* the 'top of the slope, alignment with any existing construction that may be

retained, and, alignment with the approach road to the north.

.. 4-15%'• 
%"l

%.%

oo..'
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TABLE 18 --'-
Suzmary of Program by Zones

AREAS IN SQUARE FEET

Functions which require daily heating and air-conditioning at normal ambient

temperatures (administrative functiors)

Exterior wall location required 7,770

Interior location suitable 168

Circulation (estimated) 1,190
Subtotal gross crea 9,128

Functions which require only intermittent heating and air-conditioning to normal

temperatures and functions which require only law-cmbient temperatures (training

functions)

Exterior wall location required 8,101

Interior location suitable 6,867

Circulation (estimated) 2,245
Subtotal gross area 17,213

Total Gross Area 26,341
(main building)

Total Gross Area 2,860
(vehicle maintenance)

Total Gross Area for Project 29,201

I ft 2 0.0929 m 2"-A

a. Alignment with the Slope. Alignment with the top of the slope will
. probably provide the most natural integration of the building and the

terrain whether or not the building is earth-sheltered. Alignment with the
I ,slope also affords the best angle for view to the west. Diagramatically,

Figure 80 shows a two-story rectangular building superimposed on this
S portion of the site. Figure 31 diagrams the same building as a fully-bermed

structure. Note that grading and excavation are minimal in the half-berm
version. Figure 81 suggests, however, that extensive retaining walls for
the full berm building may be required in the final schematic design.
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FIGURE 79

Existing Site for Design Example

N. b. AligMent with the Road. Aligaimsnt with the road will require
greater amounts of earthwork than would be required for aligurnent with the
slope (refer to Figures 82 and 83). The building 'iould cut further into the
slope. In addition to excavating the building area, additional land area p
would have to excavated to allow access and p-?-ovide natural light to the

0~~ low.r floor. Thie orientation, however, has greater potential for passive *'
solar adjustments than the previous alignment. Also, if the building is
earth-covered (and therefore potentially ambiguous architecturally)
alignment with the road may strengthen the architectural definition of the
building.
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FIGURE 82 FIGURE 83
Half-Berm Building Full-Berm Building
Aligned with Road Aligned with Road

c. Alinmetwith Retained Buildings and Site Features. The location
of ~ .teeiting vehicle maintenance buildiag and the access requirements

suggest that as much of the existing vehicle maintenance facility be reused
* and modified as possible. Other features that might be saved include the 4

flag pole, the stone retaining walls behind the vehicle maintenance- .

-. * buildings, aind the guardrail to the southwest of the rcserve center. `V
Alignment with retained site featur~es is not diagraimmed. Such an '-

orientation would share in the advantages and disadvantages of the other two60
IL alignments.
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d. Preliminary Geotechnical Report. It is unlikely that the building
will have the same plan as assumed in the foregoing analysis. However, this
level of analysin allows a preliminary geotechnical report to be ordered.

S.In addition to soil characteristics and ground water information, the
geotechnical investigation should provide additional information on the
stability of the slope. The determination of the final floor elevation, and
therefore of the relationship to the slope, will depend on the preliminary
geotechnical investigation and a plan diagram.

7. ORIENTATION FOR PASSIVE SOLAR BZNEFIT. Exterior walls that are exposed
_ .:"for light, fire rescue, and ventilation access should also have a favorable

17A solar orientation if ,)ssale. Access functions which do not require
windows, such as veh) ii and mechanical access can be positioned on the

. northwest side.

8. PROTECTION FROM WINTER WIND. Prevailing winter wind is from the
'4• northwest. Unfortunately the exterior wall at this point must be exposed

for vehicular access. However, the retaining wall which is probably
necessary in the full-berm configuration may provide some sheltering.
Evergreen trees are also a possible buffer.

9. EQUALIZATION OF FLOOR AREAS IN THE FULL-BERM CONFIGURATION. The lower-
and upper-level floers have significantly different areas (see Figure 84).
Equalization of the floor areas w-ll reduce initial construction cost and
enable a full-bermed configuration to be developed. The half-berm
".onfiguration in Figure 84 does not lend itself to full berming since it

.• would be impractical to berm the wall of the upper floor in the area above
the roof of the lower level. The structural costs for carrying that much
eirth would be excessive. If the functions are reversed, with
administration on the lower floor, full-berming can be accomplished.
Hoowtver. the program requires that administration be located adjacent to the

* lobby and the main entrance.

"In order to develop an economical full-berm configuration, it is
necessary to look at redistributing functions so that the floors can be
equalized. Tables 15 and 16 group the program functions by mechanical,
natural light, and access functions. Figure 85 combines t'isa information
with program adjacency requirements. The horizontal line separates low and
normal energy loads. The vertical line separates functions according to
pa-imeter wall requirements. Figure 86 takes these groups and places them
on different floors, according to the adjacency determined in Figure 85.
Resultant floor areas and est:nated lineal feet of access required for each
floor level are then tabulated. Schematic section number I in Figure 86 is
acceptable as a half berm configuration. Schematic Section 2 does not work
on the site because administration is not on the entrance floor. Schematic
Section 3 will probably not allow optimum full berming because of the large
amount of natural light access required at the upper floor. Schematic
Section 4 has a similar problem. Schematic Section 5 is geometrically
acceptable for fuil-berming. The window and access requirements for both
floors are more evenly matched and the floors are nearly the same size.
However, the adjacency of the administration to lockers is undesirable
without visual, acoustical, and psychological separation.

Viii: 10. ALLOCATION OF FUNCTIONS BY MECHANICAL REQUIREMENTS. Section 9, Space
Planning, and Programming, provides guidance for locating the mechanical

. 9.'
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FIGURE 84'
Schematic Section of Training and Administrative Floor~s

II

zones for optimum thermal benefit. In the case at hand, it must be
determined whether a storage function with a low thermostat setting or a

S function such as offices, with a norual thermostat setting, should be
S located on an earth-sheltered wall for maximum thermal benefit. On one

ike% hand, it would appear that the storage function would buffer the office
Sfunction against the colder temperatures near the ground surface.!i On the

other hand, the office can obtain greater cooling benefit by being located
- on an earth-sheltered wall (in this particular climate). To get arough

Sidea of which arrangement is better from an energy standpoint, itl is
Snecessary to look at the relative energy loads of each of the twoý

S arrangements.

This is quickly done by utilizing the Heat Flux Tables in Appendix A.
S Figure 102 in Appendix A indicates that Cincinnati is on the border between
,• zones 2 and 4. The corresponding cities for these tones are Kansas City and

41 Botn uning to Table 38 in Appendix A for Kansas City with R-20.8
• insulet.on, the appropriate heat flux values are selected for the various
Sfloor and wall components for January and July for "full-berm, one-story."

(Average, rather than dry or wet, soil conditions are assumed for this
" purpose.)

"": ~Although one space is heated to 55"F (12.8"C) and .the other to 680F
" (20"C) the reduction in heat flux will not be proportional to the

•.:.1

Sdifference in temperatures due to the thermal mass of the earth. An
approximate estimate of the heat fluxes for a space with a 556F (12.8-"C)

•._J:• thermostat setting can be obtained by slightly reducing the listed values,
•.! say by 5 percent, but not by 20 percent, which would be proportional and,
S • therefore, characteristic of a more steady-state heat transfer (above-grade)
• rather than on earth-sheltered situation. Accuracy at this point is not of

S great cncern since the magnitude of the below-grade heat lose is very low.
Because the peak o eht losses shown in Table 38 are near the average

. ihand anei (hourly) values, the instantaneous values will be sufficient

Sifnctionaaineost h odrtmeaue ertegon ufc.O h



Adjacency required

C I Casroomns T Training aids and

3,700 f t2  multimedia storage
Vý,O ft exterior wa~ll2  1,400 ft 2

MI M"cal edinistration E Examination and
500 f t medical storage

u. 30 ft exterior wall 300 ft 2

C)

S V Vehicle access functions S Storage
* I 5,200 f t 1,200 ft2

910 ft exterior wall

L L~kers, toilets, a)
janitor

>1..

A Administration A Administration support

an-d recruiting (toilets, jainitor) a.
- 1 " 9,700 ft 2  30 2ti

o 240 ft exterior wall IO

Exterior location Interior location
* required acceptable

I. Letters are keyed to figure 86
2. Exterior wall frontage is estimated by examining each room

, I "

i+ •,>,•"u•°" V Vehcle fces functio ns S Storagetio-s.

2 ,

SAlloction.yP-equre ts,

fo thin ccMaio.A ,vniainarne o,,0 t2 be cosdee.orti

-upn (ven il A Amiitation lod wiltnAt ei depndnitrofthon supocatio of

in" Figure 37 an 33 Tre recrultsn (wih(t apoximae)s jaitre i)di

-6 • J •,(;0 t2 301ft2 1.64



Exterior
Schematic Section Area wall

(letters keyed to figure 8B5 )JfL required (ft)

9,600 240
J YcSvJ 16,700 270

(acceptable for half-berm configuration)

CMV 16,700 270 .

2~OL
-JA9,600 240

(programmatically does not work on site)

AC14,700 390
Ill,60Cj 120

(required exterior wall length too long at upper floor)

AV16,000 330
10,300 180

(required exterior wall length too long at upper floor)

A13,600 240
12,700 270

(geometrically acceptable for full berm but upper floor
adjacency is questionable)e

I m2 =0.7639 ft2

I mm =0.0328 f t

d Space Allocation to Equalize Floor Areas

Fiur 8.Plcigthe off ice function, insteadof storageon an2
eart-shlteedvail, yields a small energy savings for January and July.
Exmnto fteother motswl il iia ocuin fTable-A 3 in ppedix isused (Boston), the advantage of the perimeter location
fortheoffce illbe more pronounced. This can be seen by visual
inspctin ofthevalues in Table 36 and by comparing these to the values in

Tabl 38 Ifles inulaionis used, the same conclusion holds. This also
is vidnt y vsua inpecionof the values in Tables 29 and 31.
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Hourly heat flux for 2Average heat flux Surface area, ft 2

OFFICE SPACE fro l 36,X

.~ uHourly heat flux for *Average heat flux xCorrection x Surface ft
STRGSAEfroTol36 FactorAra
STORAGEtu/ fPC tl

OFFICE ____

wall level-I(21)13)28

perimeter slob .5(0)+1
Internal* gain (lights and equipment) (-10.24) (200) = -2,048

internal gain (people) (-250) (2) = -500
TOTAL = -2,150

~ Net lood =0
STORAGE(Use economy cycle)

V SORG

~s1interior slab (.42X.95X200) = +78
interior gain (lights) W-.7) (200) = -340

TOTAL = -262
Net load = 0

(Use economy cycle)

JULY
OFFICE Btulh

-Nwall level-] (1.74) (135) = +235
perimeter slob (.93) (200) = + 186
Internal gain (lights and equipment) (-10.24) (200) = -2,048
internal gain (people) (-250) (2) - -500

TOTAL a -2,127
STOAGENet cooling load = -2,127

Interior slab 0.5) (.95) (200) = +143

Internal gain (lights) (1.7) (200) - -340

I f~uO092rn2 TOTAL = -971.*I Bulhft23.lI~ jm2 Net cooling load =0
l~tuhz0.931W(allow higher room temp.)

FIGURE 87
Instantaneous Below-Grade Heat Flux with Office on Earth-Contact Wall
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~7~* -. 77".

ffc Stoag

-L I'

Houurly heut orflux for Average h~ot flIux .
OFFICE SPACE from Table 36, X .Surface area, ft 2

Btu/ tcK

Hourly heat flux for Average beat flux xCorrection x Surface t
STORAGE SPACE f romn Table 36, Fcz.tor Area,

JANUARY
OFFICE tu/h !I

interior slob (.41)(200) + 82

Internal gain (lights and equipment) (-0.24) (200) = -2,048
Internal gain (people) (-250) (2) = -500

~4. 'JTOTAL = -2,446
Net load = 0

(Use economly cycl3)
STORAGE

perimeter slab (.5X.9X200) 3 +105
wall level-I (2.IOX.95X135) = +269
Interior gain (lights) 1-1.7) (200) -340

TOTAL X +34 *

JWL Neheating lori J z 34

OFFICE Buh
interior slab~ (.75X200) = +150
internal gain (lights uMi equipment1  W-0.24) (20) a -2,048
Internal gain (people) (-250) (2) X -500

TOTAL = -2,398
STORAGE Net cooling load a 2,9

perimeter slab (.93X.9SX200) = +177
wall level-I (1.74X.95X 135) z +223
Internal gain (lights) (1.71(200) = -340

TOTAL + 60
A ~ t Net heating load = 60

1 t/ ft2 = 3.l929 m2 m

I Btu/h = 0.2931 W

FIGURE 88
.'am~b Instantaneous Below-Grade Heat Flux with Storage on Earth-Contact Wall
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Coln Hetn ý 
H ! i l 

A

a.: .'. :2 2

11A
1 Cooling Heating 4

"2127 Btulh (office) 0 B..sr-

Relative energy costs for January and July (excluding ventilation) = $127
C...',.. .

So ~ ~.. -. . ...

:i+,I ,,,h0.93
Cooling , HeEtnery

2398 Btu/h (office) 94 Btu/h (storage) fuct-no

Relative energy costs for tJauay and July (excluding ventilation) t $10.69 h..

I Btu/huO .2931 W """

Comparison of Energy Coats for.•_ Different Functions Located on Earth-Contact Wall

Inadtint the calculated benefit, placing the office function on..,
heearth-sheltered vail viii improve the human comfort level since the .-

sraetemperature of the earth-sheltered vail is likely to be warmer in •

winter and cooler in summer than an above-grade wall. The same is true in a
southern climate except that that the mechanical cooling benefit to be
derived from the earth-sheltered wall is minimal.

1.4-168
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Based on the foregoing analysis, functions with cooling loads should be
S located a3ainst the earth-sheltered wall--if there are no other factors
.. (such as programmatic requirements) that would suggest a different location.

I ll11 OPTIMIZATION OF SURFACE-TO-VOLUME RATIO AS A FUNCTION OF MECHANICAL
ZONES. Where office functions are involved and there is no thermostat
setback, the preceding analysis would indicate that the interior zones
should be minimized and that the perimeter earth-sheltered zones,
maximized. This would increase the surface-to-volume ratio. However, for
the functions with ino or very little internal gains for five days of the
week (such as the training functions), heating loads will probably be
incurred, making it more beneficial to reduce the surface to volume ratio.
On the other hand, on the weekends, when these functions are occupied, the
greater surface-to-volume ratio would be more beneficial. To quantify this
"trade-off, an analysis similar to the preceding one can be performed for
similar zones, one on an earth-sheltered wall and the other in an interior
zone. Such en analysis will show that it takes very little internal gain to
offset the heat loss in winter for the perimeter location. In this case,
approximately 0.05 to 0.1 watt/ft 2 (0.5 to 1.1 watt/m2 ) (of floor area)

% is sufficient to do this.

However, the surface-to-voluwt ratio of the below-grade spaces which
have a significant cooling requirewent will be primarily a function of
programmatic requirements and construction costs (see paragraph 12, below).
But, if the storage spaceo, which have no cooling, end up in the perimeter
earth-sheltered zones for programmatic reasons, the surface-to-volume area
of these zones can be reduced to lower the minimal heating requirement of

i these zones.

12. SURFACE-TO-VOLUHE RATIO &S A FUNCTION OF CONSTRUCTION COST. Costs per
lineal foot of eartih-sheltered wall iay be at least $150 per lineal foot of
a 14-foot high wall including costs for concrete, footings, drain tile, .

waterproofing, inqulation. excavation outside the wall, and backfill against
the wall. The preceding analysis for placing storage or offices in a
perimeter zone suggests that the evergy savings to be derived from putting
functions with cooling requirements in an earth-sheltred perimeter zono,
rather than an interior zone will be less than $1 per lineal foot($1/300 mm) of wall per year. Also, the leagth rf mechanical ducts may have

to be increased with a less compact plat. On the other hand, departing from
a square or compact plan will tend to diminish the number of interior
colusms, and depending on the firefig.ting &cceas provided, may eliminate
the requirement for a sprinkler system.

Consequently, for a building of this scale, energy considerations do not
..'s affect the life-cycle benefit of increasing the surface-to-volume ratio for

the earth-sheltered portions of the building. Tkze main determinant of
aspect ratioi in terms of life-cycle costs, will be the trade-off of reduced
wall costs and the additional costs of an automatic fire protection
system--which would be required for the building if some areas were more
than 75 feet (22 860 tm) from an exterior access panel or window (see
Section 12, Fire Protection and Life Safety, Paragraph 4).
13. SURFACE-TO-VOLUME RATIO LIMITATIONS. A lo: aspect ratio will be limited

by the program requirements for exterior access. Another factor is
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life-safety acrness. It is possible to design the building without an
automatic sprinkler system provided that the requirement, of Section 12,
paragraph 4 are met.

14. DETERMIATION OF DEPTH OF EARTH-SHELTERING AS A FUNCTION OF THERMAL LAG.
Other factors notwithstanding, it is desirable to place the lover floor
elevation so that the average wall and floor slab area is sufficiently
removed from the ground surface for theraal buffering yet is close enough to .-

the surface to take advantage of seasonal thermal lag. This cannot be
accurately determined with the available data; the following analysis can be
done, however.

a. Zones With Heating Only. The further from the ground surface, the
lower the heat loss will be for the zones with heating only.

b. Zones With Cooling and Heating Without Thermostat Setback. Acomparison of a half-berm and full-berm structure is possible based on the

data in the Heat Flux Tables. Consider the sample office space in Figure "
87. If similar calculations are performed using Table 38 for a half-berm
configuration-5 feet (1530 'm) of depth at opposed to 13 feet (3960 --n) of
depth-the following result is obtained for July: the average heat loss
(due to thermal lag) for the slab and wall (level-I) is 248 Btu/hour. This
is equivalent to 0.36 watts/ft 2 of floor area. In January, the average
heat loss for the office space would be 315 Btu/hr or 0.45 watts/ft 2 of
floor area. By comparison, the values calculated in Figure 87 are
equivalent to 0.62 watts/ft 2 and 0.53 watts/ft 1 for July and January
respectively.

"• Thus it appears likely that internal'gains'(of 3 vatts/ft2 of • ..5, ;'5,.•'

floor area during occupied hours) will more than offset the below-grade heat '.,lK loss regardless of the depth. If the "wall level-I" heat losa values in

"Table 38 are examined for all of the months for the 13 foot depth
("full-berm one-story" values in the table), it will be seen that the

e greatest heat loss is in April. This would be in May if Table 36 (Boston)
J were used. The highest heat loss for the perimeter alab would be in July.

c. Zones With Both Cooling and Heating and Temperature Setback. Zones ,.•
which require cooling but also have a thermostat setback will behave
similarly to both types of zones examined above in terms of below-grade heat
"loss. However, the temperature setback will increase the heat-sink capacity -

"of the earth mass and will result in a greater beneficial heat loss during
the cooling mode.

15. DETERMINATION OF DEPTH OF RARTH-SHELTERING AS A FUNCTION OF CONSTRUCTION

COSTS. Construction costs will not be quantified at this point. However,
the following observations can be made: S4""

First, the preliminary geotechnical report (which was obtained
immediately after the building site was chosen) indicates that a thick layerV of f'll covers the site. This fill would have to be removed in the area of
the building. This would place the bearing elevation of the footings for
the half-berm structure on weathered glacial till which should support the
anticipated loads with a long-term settlement that would be within tolerable
limits (approximately 1 inch (50 -m-)). In order to provide a maximum

' •1.4-170

"-. %



practical thickness for this stiffer glacial till, the lowest floor
elevation should be approximately 713 feet (217 m) above sea level. Below

- this layer, at the bearing elevation of a full-berm structure, the footings
would rest on less compact strata. Building settlement would probably
exceed 1 inch (50 mm), especially with earth loads on the roof. The report

Srecommends that thin-wall steel-shell cast-in-place concrete piles or
augered intrusion grout piles be used below the footings. Drilled piers
would encounter ground water at the depths required for penetration and,
therefore, are not recommended.

16. UTILITIES. The selected building location is near the existing - -
1 utilities to the north (see Figure 79). The invert elevations of the storm '

and sanitary sewers are low enough to avoid sumps and pumping for floor
elevations as low as 700 feet (213 m) above sea level.

. 17. STRUCTUP1kL SYSTEMS. Appropriate structural systems are evaluated for
Seconomy and suitability to earth cover. Considering the lateral bracing of

the foundation wall, the extensive amount of concrete for below-grade walls,
and local construction factors, a concrete structural system is chosen. A
pan-joist system is most economical for the larger spaces. Rather than

"mixing systems, the pan-joists will be used in the other areas. Reuse of
forms in these areas should make pan-joists more economical than a six of
pan-joist and waffle slab construction.

oPreliminry structural design must be done on representative conditions

to allow costing for life-cycle analysis. Structural slabs, foundation
%i walls, columns, footings, and piles must be designed for the bay sizes and

loads indicated by the preliminary plans. "

/ 18. DIAGRAMMATIC PLAN FOR 2-STORY FULL-BERM BUILDING.

a. Full-Berm Configuration. The preliminary plan for the full-berm
2 configuration is based on schematic section number 5 shown in Figure 86.

The classroom, medical and administrative functions are located in a ,. A

* two-story wing to the southwest. The orientation of this wing takes
advantage of the view to the west while reducing afternoon summer solar gain .. 6

by facing southweat rather than west. The lockers, storage functions,
garage, and vehicle assembly (functions which do not require daylighting or .
"views) are located in a two-story block to the northeast. The orientation
of this block allows vehicle access to the garage, flamnable storage, and %.
the assembly function. The two wings are separated by a linear two-story
skylighted utrium.

floor An intevior ramp in the southeast end of the atrium allows the main
floor elevation to be depressed below grade without any exterior ramps or
depressed entrances. The ramp enclosure also eliminates snow and ice on the

ramp. Because the roof is earth-covered, the linear nature of the atrium 2.-=

and entrance helps organize the building visually. The relationship to the
other site features is reinforced by aligning the continuous linear form
with other linear site elements. Thus a prima-v design axis is set up. The

* entrance road, flagpole, and vehicular turnaround define a secondary access
(see Figure 90). p....
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ZONES BY TEMPERATURE REQUIREMENTS

i. Mechonioal room (unheated).
\' j 2. Storage, vestibule, or exit enclcure

""\' n 55 ' N.Sdeg. F(12.8&-g. C) min.
3. Low average internal gain, 68 &,-g. F.

3! (20 deg. C) min, 78 deg. F (25.6 deg. C) max-.
setbock temperature (4 days per week).
5 dog. F (12.8 d-j. C)

4. Normal overage internal gain (same criteroa
as 3 above).

5. Vestibule or corridor (same criteria as 3.• (•rove). •.

6. Toilets, low average internal gain.
7. Normc, internal gain, 68 deg. F 20 dNg. C)

rinn. 78 deg. F (25.6 deg. C) max., no
O l ttrv#.t ure setback.

"8. Same as 5 (2-sy'cy space).
I ,," ; , 9. Ur ey-loed.

FIGURE 91
Preliminary Schematic Plan of Full-Berm Building--Upper Level

All fire exit'ng is either downward or horizontal. The horizontal
depth of the building is such that fire access can be provided in lieu of at-
automatic sprinkler system.

Access for maintenance and fire-fighting is provided by maintaining
-.. a relatively flat area on the southwest side of the building. This also

allows a setback from the top of the slope. This reduces the load
superimposed on the top of the slope. The setback from the slope may have
to be increased further, however, depending on the recommendations of the

, final geotechnical report (to be order4d after life-cycle costing). The.
", roads are designed with an inverted crown. All surface drainage employs

- • catch basins to avoid erosion of the slopes. The catch basin at the service
I! drive on the northwest carries water to an energy dissipater to be located

at the toe of the slope. Cut and fill has not been balanced at this point.
• Excess material may be used to form berms to help screen the vehicle

maintenance facility or parking, however. Or, the berms may be used to help
reinforce the formal cross-axis arrangement of the site. Planting within
the parking area can be used to reinforce the primary axic.

The diagrammatic floor plans, Figures 91 and 92, will be used to
S determine the relative life-cycle cost of this configuration.

b. Half-Berm Configuration. The preliminary site plan for the
half-berm building (refer to Figure 93) is similar to ',he site plan for the
full-berm building in terms of access and surface drainage. *However, the
organization of the site and the building are substantially different. In

•, terms of site development, it is not essential that parkin! ana vehicle
maintenance reinforce the building entrance in the way it dues for the
full-berm building. Rather, in .his case, enough of the building is exposed
above grade that the building can adequately define the entrance without

•' assistance from the site. Nevertheless, the site plan organization for th"
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ZONES BY TEMPERATURE RE•XJREMENTS

I. Me=aical room (unheated).
SL2. Storage, vestibule, or exit enclosure

SS dog. • .r L8 dog.C) "min.
3. Low average internal gain, 68 dog. F.

S(20 deg. C)rni. deg. F 42S.6 deg. C). d.
2setb ac temperature (.4 days per week) .,.%

4 255 deg. F (12.8 deg. C)
4. Normal average internal gain (same criteria Ilk

as 3 ab~ove).
S. Vestibule or corridor (some criteric. as 3

4 3 above).
\J.ý, 3 6. Toilets, low average internal gain.

4 7. Normal internl gain, 68 d•g.F (20 dog. C)
7 ~min.78 dog. F(25.6 dog.C 0 .no

temperature setback.
8. Some as 5 (2-story spae). r "+too

'9. Un"e. .. ,,+,

Prlmnr ceai lnFIGURE 92
Preliminary Schematic Plan of Full-Berm Building-Lover Level

full-berm building could be beneficially used for the half-berm building.
SThis could be further considered after the life-cycle cost comparison is ".r

complete.
%

The basis for the plan of the half-berm building is schematic
section number 1 shown in Figure 86. Of the five sections in Figure 86,
section I has the best allocation of functions in terms of adjacency
requirements. Because of this and because equalization of floor area is not
al critical for the life-cycle economy of the half-berm configuration, the
lower floor is considerably larger than the upper floor. The lower floor is
below-grade on two sides and exposed on the southwest and northwest sideL WUO

for view, natural light, and access. The upper floor, housing the
administrative functions, is completely above-grade. The entrance to the
upper floor is on grade. The approach to the entrance is across an open
courtyard that is also the roof of the lower floor. The wall around the
courtyard, in addition to defining the entrance forecourt or courtyard,
prevents vehicles from driving onto the earth-sheltered roof. This will
result in lower structural coste, although the savings will be partially
offset by the cost of the courtyard wall. The upper floor is positioned so
that the view to the west is not across a roof. The administrative spaces

,C are divided into Navy and Marine functions and placed in separate wings with
the lobby functions located in the middle (refer to Figure 94). A
lightweight arc ide runs along the courtyard side of each wing. The arcade
on the north wing provides passive shading; the arcade along the south wing
provides a covered walk to the entrance. The arcades are directly above the
corridors of the lower floor (refer to Figure 95). One-half of the width of

each arcade consists of a concinuous skylight which daylights the corridor
below. -.
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ZONES BY TEMPE:RATURE REQUIRREMENTS

I. Mechanical roon (unheated).
V12. Storage, vestibule, or exit enclosure

55 deg. F (12.8 deg. C) min.
I3. Low average internal gain, 68 deg. F.?•/ (20 deg. 0) min, 78 degj. F (25.6 deg. C) max.

setback temperature (4 days per week)

55 deg. F (12.8 deg. C)
4. Normal average Internal gain (same criteria

at 3 above).
S. Vestibule or corridor (some criteria as 3

above).
% 6. 1oilets, low average internal gain.

7. Normal internal gain, 68 deg. F (20 deg. C)
min. 78 deg. F (25.6 deg. C) max., no
temper-iture setback.

• ••"9. Unenclosed.
- 8. Same or 5 (2-story space).

FIGURE 94
Preliminary Schematic Plan of Half-Berm Building--Upper Level

SThe square plan of the lover floor level (Figure 95) is primarily a
J result of the organizational concept of the building. Aspect ratio, as

previously determined, is not an energy consideration for the below-grade
spaces. Hlowever, almost one-half of the exterior wall is exposed above
Sgrade for light and access. The classroom spaces which are normally placed
with the long room dimension parallel to the windows are turned
perpendicular to the windows to reduce heat loss, primarily during the

/', unoccupied hours.

Exiting from the lower floor is upward except for supplementary
exits located at the assembly room and the garage. The exit at the assenbly
room also serves as a handicap access to the lower floo, level. Unlike the
full-berm configuration, the half-berm configuration must be sprinklered
because of the depth from the exterior exposed wall and direction of exiting.

19. AREA TAKEOFF AND UNIT PRICING. Only the conditions and quantities which
vary between the alternatives are costed. The cost of the interior

partitions and stairs, for instance, are assumed to be invariant. Two
alternatives to the half-berm configuration are initially examined: a

full-berm building with earth cover and a full-berm building without earth
cover. This allows the total cost of earth cover-which affects structure,
mechanical systems, energy consumption, maintenance and repairs, as well as
the roof systei itself-to be examined separately.

20. ENERGY PREDICTIONS AND MECHANICAL SYSTEMS COSTS. Wall systems and
i insulation thicknesses are first defined. Tho insulation thickness chosen

for above-grade walls and roof areas are based on minimum NAVFAC
requirements for the region. Insulation for below grade walls is determined
from Table 3 in Section 14, Insulation. Other insulation thicknesses may be

e analyzed later following the initial life-cycle analysis.
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ZONES BY TEMPr-' %TURE REQUIREMENTS

I. Mechanical room (unheated).2. Storage, vestibule, or exit enclosure
SS dea. F (12.8 deg. C) min.

3. Low average internal gain, 68 deg. F.
2 4 (20 deg. C) min, 78 deg. F (25.6 deg. C) max.

. ,7 setback temperature (4 days per week) =
~~55 & -SegF 02.8 deg.C

4. Normal average internal gain (same criteria
"4 '3 as 3 above).

4 3 5. Vestibule or corridor (same criteria as 3/ 4 bove). Z : .O '
/,4 6. Toilhes, low average internal gain. .

7. Normal internal gain, 68 deg. F (20 deg. C)
* ' ra' min. 78 deg. F (25.6 deg. C) max, no

temperature setback. .. ,
* ( /8. Some as 5 (2-story space).• 9 . U n e n c lo s e d . € - . " - '

"\ l'if'. \ ,,.L m

FIGURE 95 . , .

Preliminary Schematic Plan of Half-Berm Building--Lower Level

The temperature requirements and internal loads for each room or space
are identified in plan (see Figures 91, 92, 94 and 95).

For this particular building, the energy calculations are the most
laborious aspect of the life-cycle cost analysis. Energy requirements for
the representative zones are determined using the variable bin nethod
described in Section 18, Energy Calculations. For each zone (above-grade
and below-grade), this must be done for each month and each bin condition.
To facilitate the calculations, the worksheet method described in Section 18 "'"
can be computerized. The worksheet method for one zone with temperature set .
backs and a varyinig occupancy schedule may take as much as eight manhours of ..'".
work if done by hand. Writing the computer program may be more expedient in.___
the long ruu.

The zone energy requirements (load calculations) should be saved as an
intermediate result. These results can then be modified to predict new zone -. ,...-'...,
energy requirements when certain building parameters are altered--for
instance an earth-covered roof that is replaced with a conventional roof.

After obtaining the total annual energy requirements, the estimated peak
loads must be calculated based on the procedure described in Section 18. -
From the peak loads, the equipment, and system costs can be obtained.

21. LIFE-CYCLE COST FACTORS. Life-cycle cost factors are obtained directly
from NAVFAC for each project. These include discount factors, spending - '
escalation rates and the life-cycle cost period. It is extremely important
that these factors be carefully considered to reflect the best economic
predictions currently available from NAVFAC. See Section 5, Life-Cycle
Costing, for a sensitivity analysis. See also, NAVFAC P-442 for the
prescribed procedure for life-cycle analysis. L*.

.7c.
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Certain maintenance, repair, and replacetment costs must also be included
in the life-cycle analysis. Refer to Section 5 and NAVFAC P-442 for
criteria.

22. RESULTS OF LIFE-CYCLE ANALYSIS. The life-cycle cost analysis is
summarixed in Table 19. Both of the full-berm alternatives have lower
life-cycle costs than the half-berm alternative as initially defined. in
order to check the validity of this comparison, certain adjustments are now

:9 made to the half-berm building to arrive at new life-cycle costs for the
full-berm alternatives. Because these are changes to the life-cycle basis

they, in effect, increase or decrease the relative cost of the
alternatives. To lower the basis, the following changes are made:

a. Elimination of Sprinkler System. To eliminate the sprinkler
system, the classification of the building as an "underground building" must
be dropped. To do this, the configuration of the building must be changed
to reduce the building deoth from exterior fire access (according to the

VA •criteria in Section 12, paragraph 4). For now, it is assumed that the
.1.%• earth-covered portion of the building can be relocated ou the west side of
•"% .the building. The unit prices and unit energy requirements previously

obtained are applied to the new configuration. The configuration is not
worked out in plan but is assumed to be workable for now. The net result
(after considering additional energy and maintenance costs) increases the
relativn life-cycle cost of each of the full-berm alternatives by $1,000 as
shown in Table 20. This is labeled a "loss" for the full-berm
configurations.

b. Elimination of Skylight and Arcade. With the redistribution of the
half-berm building, the skylights which once served to light deep interiol
space are no longer as important. The skylight can now be omitted.
However, the intangible loss to the habitability of the building should be
"recognized. The skylight in the full berm configuration cannot be so easily
eliminated because natural light would then be absent in much of the
building..

With the ear:h-covered lower floors relocated, the vehicular
dropoff can be located close to the main entrance. This reduces the

"' importance of the arcade. Consequently, the arcade, as well as the
,I skylight, can be omitted. The net result is a $35,000 savings for the

b2lf-berm building--or in terms of the full-berm alternatives, a $35,000
loss.

2.:.. . Elimination of Earth-Cover on the Half-Berm Building. Finally, by

examining the energy and cost figures for the earth-sheltered roof for the
full-berm alterratives, a rough estimate may be obtained for eliminating the
earth-cover in the half-berm configuration. The life-cycle discounted
energy savings for earth-Lover are about $500 more than the life-cycle
discounted costs foz maintaining the grass on the roof. However, the• ~initial a,:-.hitectural and structural savings obtained amount to $37,000.

•,4 • Thus the relative cost of the full-berm alternatives is increased by $37,000.
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4 TABLE 19 (Continued on next page)
'U Summary of Life-Cycle Cost Analysis

, k4

ASSUMED ECONOMIC FACTORS FOR THIS PROJECT (Ob~ained from NAVFACY

Life-Cycle Period . 25 years
General Inflation Rate =.09
Discount Factor = .07 +general inf lotion rate

Full Berm Full Berm t1

I. INITIAL CONSTRUCTION COSTS WihuEat WtharhURELATIVE TO HALF BERM BUILDING U

Exterior Above-Grade Wall $-6,300 $ -6,300
Exterior Below-Grade Wall, including
Waterproofing and Insulation +38,800 .38,800
Windows -29,100 -29,100 -

Skylight and Skylight Curb +53,700 453,700 . %

Metal Roof, Including Insulation +29,800 429,000
Built-Up Roof, including Roof Insulation
and Roof Structure +42,800 -143,800

Roof Flashing, Parapets -2,300 -4,700Earth Covered, including Soil Gravel U
¶ ~Lay er, Insulation, Waterproofing Roof

Structure and Irrigation System -109,400 +122,900 '

Footings at Foundation Wall -11,000 -11,000
Slab on Graae -6,100 -6,100 -'.(4

Structural Floor +19,900 +19,900
Sprinkler System -38,500 -38,500
Canopy and Sun Screen -:1,500 -11,500
Retaining Wall +6,100 +6,900.
Columnns and Footings, including Piles - 1,4W .40,600 .

(when applicable)
Bulk Excavation + 1 11,700

Total Construction Snving/Loss -$33, (savings) +$38,100 (loss)
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TABLE 19 (Continued)
ESumary of L.ife-Cycle Cost Analysis

4%4

Gas Spending Escalation Rate: = .08 + general inflation rote

Electricity Spending Escalation Rate: = .07 + general inflation rate
~1Maintenance Spending Escalation Rate: = .00 + general inilation rote

Midpoint of funding to siart .. savirgs accrual = .5 years

OPERATIONAL COSTS
'1Full Berm Full Berm

Without Earth With Earth
A. . EERG COTSan Roof on Roof

RELATIVE TO HALF BERM BUILDING

Natural Gas -$820/year 8S 85/year
Electricity -1,300/year -1,904/year

Total 25-Year Cumnulative Discounted
Energy Savngs/Lass -$54,500 (savings) -$69,900 (savings)

-~ 3 MAINTENANCE
RELATIVE TO HALF BERM BUILDING

4.Grass Fertilization -$200/year. *$190/year
2'Grass Mowing -270/year +250/year

Watering -200/year *l901year
Window Cleaning .70/year *70/year

I Total 25-Year Cumulative Discounted
LiMaintenance Savings/Loss -$7,300 (savings) *$8,M0 (loss)

4 . -MAJOR REPAIRS
RELATIVE TO HALF B3ERM BUILDING__________

Total 25-Year Cumulative Discounted

Repairs far Built-Up Roof Replacement,
Painting, Equipment Replacement -$ 1,000 (s-z.lngs) -$5,000 (savings)

5. TOTAL LIFE-CYCLE SAVINGS/LOSS -$96,400 (savings) -$28,300 (savinge)
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TABLE 20
,'..• Adjusattents to Life-Cycle Cost Analysis

• J. Ž . °'.

COST ADJUSTMENTS TO FULL BERM BUILDINGS RELATIVE TO HALF BERM BUILDING

1. Change configuration of half-berm building
to eliminate sprinkler system.

Full Berm Without Full Berm With Earth -
Earth Cover on Roof Cove7 on Roof

Additional Backfilling -$4,000 -$4,000
Additional Windows -6,000 -6,000

Additional Wall Area -20,000 -20,000 I..

Eliminate Sprinkler System +38,000 +30,000 ,...

Energy, Maintenance Repairs -7,000 -7.000
SUBTOTAL + 1,000 (loss) +1,000 (loss)

2. Omit skylight and arcade on half-berm building.
. Initial Construction +34,000 (loss) +34,000 (loss)

Energy, Maintenance, Repairs + I_00l (loss) +1.000 (loss)
SUBTOTAL +35,000 (loss) .35,000 (loss)

3. Omit earth-cover on lower roof of half-berm, A. "
and use built-up roof.

Initial Construction +37,000 (loss) +37,000 (loss)
/. Energy, Maintenance, Repairs' 0 0 % % V

SUBTOTAL +37,000 (loss) +37,000 (loss)

%%

TOTAL FOR ALL ADJUSTMENTS +$73,000 (loss) ÷$73,000 (loss) .'

-,•. TOTAL FROM PREVIOUS .

LIF E-CYCLE SAVINGS/LOSS -$96,400 (savings) -$28,300 (savings)

P.' FINAL LIFE-CYCLE SAViNGS/LOSS
Using Adjusted Holf-Berm Configuration as the Basis

-23,400 (savings) +44,700 (loss) '

addiultiona discountedcotfomaneacofgssnthro.
Cumulative discounted energy savings due to earth cover on the roof are approximately equal to

additional d-scounted costs for maintenance of grass on the roof."
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d. VFill A'Iiui;tod Lif--Cycle Costs for Full-Berm Alternatives. After
addin- the above cost adjustients to the relative life-cycle cost of the
full-b,!r:i buildi.no., the full-berm configurations become approximately
.d73,00C r~ore e:.pensive than previously calculated. The full-berm building
witliout earth-covew on the roof still shows a present worth savings,
hc, !ver. Theo;e savings are approximately $23,000. Neither this full-berm
configuration nor the stripped-down half-berm configuration have earth-cover
on theý roof. The primary cost differences are the berm height, the piles
an d foundation, and the aspect ratio as defined by wall-to-floor area. The
lifc-cycle analysis shows that the berm more than pays for itself. Per
sqtare foot of buil,'½g area, the piles, footings, and foundation system for
the full-berin are more expensive than the spread footings and foundation
:Syterii for the hialf-h rT-. However, with a lower aspect ratio and fewer
column3, the full berm building proves to be more economical. This outcome,
in favor of the full-berm building is attributible to the strategy of
erpqelizing the floor areas as well as berming the exteric, walls.

23. RE•I,•,....N.TS TO INSULATION THICKNESS AND Di,'ETH. Additional analyses are
required to predict building energy performance a. a result of modifying the
thickn•_s and depth of thermal insulation. The crigninal energy
calculations, utilizing the variable bin method, muit be modified to reflect
charges in insulation thickness and depth. This effort will require less
ccmnputation time than the original effort because only the zones affected by

1 ~ the changes must be considered. The building'R energy components (roof,

wall, windows, floor, air infiltration, ventilation, internal heat gains)
cannot be analyzed independently vf each other--a cr-nplete heat balance must
be recomputed for each bin. If this calculation procedure is computerizel,
time required for carrying out the analysis will be reduced dramatically.

*[fl 24. EVALUATION OF INTANGIBLE DIFFERENCES. At this point, the full-berm
H configuration without earth-cover could be recommended on the basis of the

, lifc-cycle cost analysis. However, the following intangibles (some of which
can be translated into costs) should be observed:

a. S.•curitv. Even with special provisions such as parapets or
land'scaping, the northern portion of the roof will be accessible from the

4 '-rm. The berm height could be reduced and the parapet height increased to
14 help solve this problem. Based on the unit costs already obtained, it can

be shown that this will increase the relative life-cycle cost of the
"building. As a compromise, a hedge along the top of the berm may be used.

b. Natural Light. Although the functions requiring daylighting are
fairly well acccmiodated in all the schemes, the full-berm scheme has
greater variety and interest because of the skylight. The skylight and
;atrium also tend to create a better organizational clarity for the full-berm
building.

c. E;:terior Noii' Reduztion. Exterior noise reduction should be
baitter for the full berm building.

d. Radiation Protection. As a fallout shelter, the radiation
protection factor will also be higher for the lower level areas adjacent to
the earth-berm.
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FIGURE 97

"Final Schematic Plan of Upper Level

25. FINAL SCHEMATIC DESICN. The final solution to the visibility of a

non-earth-sheltered and the security/safety problem of berming up to the
roof edge is solved as follows. The roof to the north of the skylight is
"earth-covered to improve appearance and to reduce the potential for
vandalism or damage to roof (see Figure 96). A guardrail io provided at the
roof edge where the earth-covered roof is accessible. Unauthorized access

.5 ,• to the roof of the south wing is prevented by the linear skylight. The
north side (accessible side of this skylight) is insulated metal roofing to

,S improve thermal efficiency and to reduce the potential for vandalism. (The
%I roof of the south wing is not. earth covered because of the negative

life-cycle benefit, as determined in Paragraph 22, above.)
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FIGURE 99
Axonometric of Circulation Space

1 • .,• - .. 8'%

The final schematic plans for the upper and lover floo'rs are shown in
Figntres 97 and 98. Figure 99 depicts the main circulation and the atrium.
The interruptions in the skylight are required for excess h--at exhaust for
the atriumn as well as other mechanical functions such as cooling units and
exhaust for toilets and lockers. The skylight (insulated glass with
heat-strengthened laminated safety glass for the inside lite) has no thermal

- shuttering. However, motorized blinds can be used to reduce heat gain. The
walls facing the atrium are mar'onry to increase thermal mass for direct
solar gain benefit (see Section 11, Niatural Lighting, Skylights and Passive

* Solar).
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APPENDIX A

p.. . HEAT FLUX TABLES

S.This appendix consists of Figure 102 and Tables 21 through 42.
Refer to Section 18, Energy Calculations, for instructions.

I 2coldflPgrjd 
-7

2 Co~klrd4~d

5 CooVk*I#

7 HoqfHayTi

DEPT OF INSULATION IN FEET ¾Full 3arm l* ull Berm Half 8ewrm Slob-on
R-Volue 3-Story I-Story Grade

Table 0 Location 0.0 10.4 20.8 u.C 8.0 16.0 0.0 8.0 13.0 0.0 5.0 0.0 4.0
V21 Miuneapolis0 0S

22 Boston00 0

26 Phoenilx 0 00 0.4
27 Miami 0
28 Minneapolis 0

29 Boston 0 . ..

37 Seattle S 0
31 KaramCity S .

34 Mlarmeaol 0 0 v S1

36 BostonS S
37 Seattle N
32 KansasCity 0 0 0

FIGURE 102 *.~

7-Zone Climate Classification of the United States and Representa-ive Cities *~~~*
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APPENDIX B

BOUNDARY CONDITIONS AT GROUND SURFACES

Transient heat flow at the ground surface is calculated with an hourly
time step using TMY (see Reference 21) solar meteorological data inputs. An ,
overview of the calculation procedure for each component of the surface
boundary condition follows.

The energy balance equation at the ground air interface may be written,

R H + LE + G (B-l)

WHERE:
R - net radiation (solar and longwave)
H - sensible heat flux between the surface and the air (positive when

directed upward)
LE - latent heat of evaporation between the ground surface and air

(positive when surface is losing water by evaporation)
G - sensible heat flux conducted into the ground (positive when the

ground is losing heat)
'.- ".. ".

NET RADIATION, R. The net radiation, R, is defined as the difference
between the incoming and outgoing streams of solar and longwsve sky
radiation. Thus,

R Q(1-0) + 14,- t a To4  (B-2) Y4%

WHERE:
Q = incoming solar radiation
of = surface albedo or reflectivity
I+ - longwave radiation emitted downward by the atmosphere and

absorbed by the ground.
4 - surface infrared emissivity
0 - Stephan-Boltzman constant
To= surface temperature.

Infrared radiation heat exchange between the ground surface and the sky
is estimated using the statistical methods developed by Clark and Allen (See
Reference 24, The Estimation of Atmospheric Radiation for Clear and Cloudy
Skies, by Clark). This analysis includes the effects of clouds and humidity
on the apparent emissivity of the sky. The incoming solar radiation (Q)
incident on the ground surface is read directly from the weather tapes. . -

SENSIBLE HEAT FLUTX, H. The sensible heat flux between the ground
surface and the air due to surface convection is estimated with the equation,

a= hcos (Ts - Ta) (B-3)

* WHERE:
hcos - surface convection heat transfer coeffice~nt (Btu/h ft 2 °F)
Ts - ground surface temperataure (OF)
Ta - embient dry-bulb air temperature (*F)

B- 1



a.-

The surface convection heat transfer coefficient, hcos, is estimated
* using the empirical model developed by Kreith and Sellers (See Reference 25,

General Principles of Natural Evaporation, by Kreith) and is expressed as,

hcos C Dh (B-4)

where,
- air density (lbs/ft 3 )

C specific heat (Btu/ibOF)
nebulous transfer coefficient (ft/h)

The nebulous transfer coefficient, Dh, is estimated by the
relationship, ,

L -2
D h O0.01 6 u In (B-5)

0

WHERE: * --
u - horizontal wind speed (ft/h)
L - height at which the horizontal wind speed iE measured (inches)
S L° - roughness length (inches)

In equation (B-5), Dh must be co-..rected when the air temperature varies
with height. For further explana.ion, refer to Kreith and Sellers (Reference -

'23).

LATENT HEAT FLUX, LE. The latent heat flux depends on the vapor pressure . ..
difference between the ground surface and the air. The equations used in the
computer model are based on Speltz ard Meixel (see Reference 26, A Computer
Simulation of the Thermal Performante of Earth Covered Roofs, by Speltz). In
the arid southwest region of the country, such as Phoenix, evapotransporation
is maintained at a level high enough to support the growth of plant cover. .-% .

HEAT CONDUCTION INTO THE GROUND, G. The transient heat conduction into
the ground is modeled by use of a two-dimensional explicit finite-differencing
routine. The following difference equation is used to calculate heat
conduction from the upper boundary nodes to the ground surface:

T P+l - T p

1 mn m,n *'t

. 1 J

-p)2T p T +T p-2T np
(Tm+lm-ln mn + s mn-l n (B-6)

( x) 2  ( y)2

T represents the temperature and the subscripts Win and 'n' denotes the x and
y position of the node '-n relation to the temperature field, the superscript
Yp' designates the time increment, x and y represent the node spacing, is
the thermal diffusivity and t represents the time increment of the .%
calculation. T. represents the ground surface temperature.

B-2 ?.X.~
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APPENDIX C

CALCULATION WORKSHEETS

This Appendix contains worksheets that may be used in

calculating heating and cooling loads for earth-sheltered
buildings zones. Refer to Section 18, Energy .

Calculations, Paragraph 5, for instructions.

77.
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WORKSHEET B8I
HEATING/COOLING LOAD CALCLLAT IONS

(Integrated Values)
Bin Number____ Job Location______
% oo NmbrRoom Namne_____

~ ~~~4 ._:- -- ;

.4- -. __ _-i_

X7 T T S M- DereeHours Above Set Point___ Degree Hours Below Set Point

L FET1 Z Enthalpy Hours Above Set Point Hlours Below Se Toi otnr

01-OS 09-16 17-24s 01-24 [Hours Above Set Point
Conditions Above Building Codton e

LHours (___ w~rtr eow Build~og

T0" rOKHE -X8e -N,.-- •-:-Sf

Tin"mission Sensilete bo-to rs oe-ee
"Above Grade Surfaces Factor Hours Ht. Gain Deree Hours Fit. Loss .0n

INorth Exterior Wall _ _ _ _ _ ____

East Exterior Wall _ _ _

South Exterior Wall ___ ______

West Exterior Wall__ ___ _ _ _ _ _____ _ _ _

Exterior Glazing _I_-_, _our _ A _____ oitou eltoi
o-1nt1y7 Flours Ao S ot

rronmission Sensible Heat Area Avg. Heat Abve Sensible Sensible Below Sensible Sensible" Earth Contact Surfaces (f t) Loss/Coin Set Point Ht. Gain ourt. Loss Set Point Ht. Gain Ht. Loss

North Wall Well_ ____

East Wall Wtl_ _ _ _ _--_ _

South Wall __ _'__ __l

West Wal l _,_-_

Slab Perlmoe4'r____ ___ ____ _ _ __ ___

Slab Interior %_,.__"
Triionela e b Sensibeible - e Area e Sensible WensiblWe

Betw Bong Zones .( Factor o1ff. Set Point Ht. Gain Ht. Loss Set Point Ht. Gain Ht. Loss

re &;ýIcrF Ho~urs Abv~ r FlHours Blw Sgensible
Tronwmliss..ai Solar Hoot Gain yet) (Atul ft, Set Point Ht. Gain ____Set Point Ht. Gain

-e North Exterior Gass I

41

East Extror Glass
South Exterior Glass"-
West Exterior GlRaL

:rmnmi~on e~lblel-kt Aea Ra"temp Gal n Abv Sensible* Ua en si Fle ours Blw Sensible Snil ,•.

Body Heat Gain People (Btu/h) Set Point Ht. Gain Load Set Point Ht. Gain Ht. Loss .

Sensible _-_,,_

Latent ____ ____ __________ ____ ____ __________Su. Area HatrGain -tours Abv Hible --ours wB Sensible
Fupt orHeat Gain (ft2) W/ft" Set Point Ht. Gain Set Point Ht. Gain

Lights 3.412 _ _ _ _ _ _

% ElectricoEriient 3.412Gl
N * Miscellaneous 1.4:2____ ________

Flours Qt oty Total Degree Sensible Latent Degree Sensible . '
Infiltration P(ptuBh/lb) Constont(ft5/mn) Heat Hours Ht. Gain Load _et Hntrs Ht_. Hf. Low

NTotal __ _ 4.5 __ __ _ _ _ _ __ _ _ __ __ _ _

I Sensible _ _ 5

TOTALS I 1 __

Hours Quantity Total Degree Sensible Latent lDegre Sensible V
Ventilation Btu h/lb) Constant (ft'/min) Heat Hours Ht. Gain Load _ _ Hours Fit. Loss
Total 4.5-S--- _--_

A. Sensible _our 1.085 atit Tb r i_ e

TOTALS .j

"X "C-3

7 .. . _ _ _ _ _ _ _ __A
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WORKSHEET C
S%-°

HEATING/COOLING LOAD CALCULATIONS ' ..

.. (Design Peak)

* %Room No. SPACE CONDITIONS
;% -• ;Summer OU tside Inside Difference -" -'

Room Name _______b r
Wet-Bulb t

Job No. Dew Point F

Job LocationWinterFF_'"""

I COOLING HEATING .

Transmission Sensible Heat Aea T 'Temp ' "Uw Senib1e Temp. "IJ" Seile.

Above Grade Surfaotes ft 2) Diff. Factor BtuLh Diff. Factor BtuIh.

North Exterior Wall

~~~ * ~~~East Exterior Wall __ ____ _ _____

South Exterior Wall

• • West Exterior Wall _"___"

Roof _ __-
-Trasmission ensible Heat Area T BTU1

Earth Contact Surfaces (f hr f t2  hr 92ft
2  

____.

North Wall •____ _

East Wall ,_.._-_:.

South Wall _ _ _ __ _ _

West Wail l_."__"

Slab Perimeter --
J... Slab Interior !

STrc'smissic- Sensible Heat A Tep "ur Temp "L
Between Building Zones (ft

2) Diff. Factor Diff. Factor
i ~ ~~~Floor,•"";..

S~~Partitions....
or ac. -Tp. "U"

Gass Summary Calculations (ft 2) (Btu/h f t2) DIff. Factor

North Exterior Glass

East Exterior Gloss___ _________

South Exterior Glass ._-,____

West Exterior Gl "oss__-"______-__
Total Transmision & SolIr Heat Gain 1 Heat Loss 5 __/__

% % Air Volume v AT or SensiSle Latent Air Temp. 3SeibleS
Infiltration Changelh (ft 3) Factor AH Btu/h Btu/h Change/h Diff. Btu/h .4

[Sensible 0.018+
._ _Latent / 0.018 I __"

Total Infiltration Heat Gain 2 Hoal Loss 6
_____________ '__ _ _ HeatnLoss 6

Number Rate of ensible Latent
Bdy Hoea Gains Peoole Heat Gain Btulh Btulh

. G Sensible,
Latent %"•

Total Body Heat Gains 3 ___

-Cony. Sensible
Equipment Heat Gains Factor Watts Btu/h

S-." Electric Lights 3.1412 ,__

Electric Equi ent 3. 12 -e

-Miscellaneous 3.412 ,__,'

Total Equipment Gains 4 1
Sensible Latent TOTAL HEAT /

TOTAL HEAT GAINS (0+243+) [1111 LOSSES (54÷)
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"APPENDIX D I!.

EARTH THERMAL CONDUCTIVITY FACTORS1
in Btu/hr ft °F

Moisture Content Type of Soil

LI of Soil Sand Silt Clay

S , Low (less than 0.167 (0.29)2 0.083 (0.14) 0.083 (0.14)

4% by weight)

• Medium (from 4% to 1.083 (1.87) 0.750 (1.30) 0.583 (1.01)

" + 20% by weight)

-4 High (greater than 1.250 (2.16) 1.250 (2.16) 1.250 (2.16)

20% by weight)

* . NOTE: Dry Soil is exceedingly rare in most parts of the United States, and

a low moisture content should be assumed only if the assumption can

be proven valid.

S.1 Source: National Bureau of Standards, 1982.

2 Values inserted in parenthesis are W/m °C

17,.. %.
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CRITERIA SOURCES
(Publications Containing Criteria Cited in this Manual)

DOD Construction Manual (DOD 4270.1-M), Department of Defense, The Pentagon,
Washington, DC 20301.

NAVFAC DESIGN MANUALS AND P-PUBLICATIONS

DM-2.2 Loads
DM-3.1 Plumbing Systems
DM-3.3 Heating, Ventilating, Air-conditioning and Dehumidifying

Systems
.N DM-4.2 Electric Power Distribution Systems

DM-4.4 Electric Utilization Systems
"DM-4.7 Wire Communication and Signal Systems
DM-5.1 Soil Conservation
DM-7.1 Soil Mechanics
DM-7.2 Foundations and Earth Structures
DM-7.3 Soil Dynamics, Deep Stabilization and Special Geotechnical

Construction .. '*

DM-8 Fire Protection Engineering

P-89 Engineering Weather Date
P-355 Seismic Design of Buildings,*. ..
P-397 Explosive Storage
P-422 Lifa-Cycle Costing
P-960 Installation Design ...

Department of Defense activities may obtain copies of Design Manuals and

P-Publications from the Commanding Officer, Naval Publications and Forms '.,
Center, 5801 Tabor Avenue, Philadelphia, PA 19120. Department of Defense
activities must use the Military Standard Requisitioning and Issue Procedure
(MILSTRIP), using the stock control number obtained from NAVSUP Publication
2002.

Other Government Agencies and commercial organizations may procure Design
Manuals and P-Publications from the Superintendent of Documents, U.S. , -.
Government Printing Office, Washingtoh, DC. 20420.

National Fire Protection Association, Quincy, MA 02210.

70 National Electrical Code 1981
. *g~ 101 Life Safety Code

Fire Protection Handbook.

Uniform Building Code, International Conference of Building Officials,
5360 S. Workman Mill Road, Whittier, CA 90601.

Criteria Source-l
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